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Abstract
Benefiting from the two-dimensional (2D) layered structure, bismuth oxyhalides
BiOX (X: Br, Cl) are promising excellent photocatalysts in photocatalytic O2 evolution
and dye degradation. Unfortunately, the application of BiOX is limited into the
ultraviolet light (UV) region as BiOX has an indirect wide band-gap with the value of
about 3.2 eV. Thus, developing approaches to extend the absorption of BiOX into
visible or near-infrared (NIR) light region is highly demanded in enhancing the
photocatalytic performance of BiOX.
In this thesis, three different strategies, including fabricating BiOCl with oxygen
vacancies, constructing heterogeneous structures between novel metal and BiOCl and
constructing heterogeneous structures between upconversion particle and BiOCl, were
adopted to extend the solar light harvesting of BiOCl into visible and NIR region. The
photocatalytic reactions including photocatalytic water splitting and dye degradation
were used to evaluate whether the photocatalytic performance of the designed systems
with BiOCl was improved due to the enhanced solar light harvesting. The epitaxial
heterostructure with ZnO and upconversional particles was also investigated to explore
whether the strategy involving upconversion materials is applicable to extend the solar
utilization of other semiconductors.
For the first work, I prepared large-scale BiOCl with oxygen vacancies. The oxygen
vacancies can induce the formation of defect states which were located below the
conduction band (CB) edge. Thus, the absorption of BiOCl can be extended to visible
light region. Besides, the oxygen vacancies can trap the photogenerated electron,
which facilitates the separation of photo-excited electron-hole pairs. Due to the
extended absorption and promoted charge separation, more active oxygen species were
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produced during the photocatalytic reactions as convinced by the electron
paramagnetic resonance (ESR) results. As a result, the BiOCl with oxygen vacancies
displays better photocatalytic dye degradation property under the illumination of
visible light and full spectrum region.
For the second work, I designed the hybrid structures with BiOCl nanoplates and
silver nanoparticles. By adjusting the volume of water in the solvent during the
hydrothermal process, silver spheres were selectively attached on different facets of
BiOCl. As the plasmon absorption of silver sphere locates at visible light region, the
utilization of light for Ag-BiOCl can be extended to the visible light region as
convinced by the ESR measurement. Thus, BiOCl-Ag systems present visible-lightdriven photocatalytic dye degradation properties. The result of electron energy loss
spectrum (EELS) mapping proves that the surface plasmon resonance (SPR) effect of
BiOCl-Ag with Ag loaded on the edge side (BiOCl-Ag-E) is stronger than that of
BiOCl-Ag with Ag loaded on the surface (BiOCl-Ag-S). Coupling with the fully
exposed active sites on the surface, BiOCl-Ag-E possesses more excellent
photocatalytic properties both under the illumination of visible light and full solar light.
For the third work, I fabricated YF3: Yb, Tm@BiOCl microparticles with ultrathin
BiOCl nanosheest epitaxially grown on the surface of truncted-octahedral YF3: Yb,
Tm particles. The upconversion material of YF3: Yb, Tm has the ability of converting
the NIR light into UV and visible light which can be utilized by the semiconductor
photocatalytsts. As a result, YF3: Yb, Tm@BiOCl demonstrates superior
photocatalytic O2 evolution and dye degradation properties under visible and NIR light
illumination. By construcing the the blocking layer of YF3 bewteen YF3: Yb, Tm and
BiOCl, the fluorescence reabsorption and the excited-state energy transfer were proved
to exist as the energy trasnfer forms during the photocatalytic process. The
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photoluminescence mapping and decay further indicate that the epitaxial interface
facilitates the efficient energy transfer bewteen YF3: Yb, Tm and BiOCl, which
contributes to the high visible and NIR-driven photocatalytic performance of YF3: Yb,
Tm@BiOCl.
In the fourth work, three NaYF4: Yb, Tm-ZnO hybrid systems with different
structural features were prepared. NaYF4: Yb, Tm with the doping concentration of
30% Yb and 0.5% Tm can convert the low-energy NIR photons into high-energy UV
and visible photons. Hence, the three NaYF4: Yb, Tm-ZnO hybride systems possess
NIR-driven photocurrent response. For the perfectly fused NaYF4: Yb, Tm-ZnO
heterostructure with ZnO epitaxially grown on the surface of NaYF4: Yb, Tm, the
interface defects and crystalline grain boundaries are minimized. As a result, its energy
transfer is more efficient than other hybrid systems, which results in its superior NIRdriven photoresponse property.
It can be concluded that the three strategies have been developed in this thesis,
which successfully broadened solar spectra absorption of bismuth oxyhalides
semiconductor photocatalytic systems. As the extended absorption spectrum promotes
the generation of more charge carriers which is vital for the photocatalytic process, the
designed photocatalytic systems presents better photocatalytic properties in a widespectrum region. I believe this thesis work can provide assistance for the design of
efficient wide-spectrum photocatalysts.
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samples, with the inset showing the circuit for measurement. (c) Steady-state
photoluminescence spectra of different as-prepared samples. The inset shows the
transient photoluminescence decay.[104]
Figure 2.29 (a) Photocurrent versus time of different as-prepared samples under full

Lists of Figures

xiii

spectrum illumination. (b) Photocatalytic O2 evolution from water splitting in the
presence of different as-prepared samples.[44] (c) Mass spectra of benzyl alcohol
produced in the
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O2 atmosphere over different as-prepared samples. (d) Relative

proportion of 18O-labelled benzyl alcohol with the increase in the loading amount of
Au in Au-BiOCl-OV.[104]
Figure 3.1 The general procedure of this thesis project.
Figure 3.2 Schematic illustration of the wet-chemical synthetic process.[1]
Figure 3.3 Schematic diagram of structure for the typical autoclave.[2]
Figure 3.4 Fundamental principles of XRD.[3]
Figure 4.1 Structural characterizations of the as-prepared powders. The SEM images
of BiOCl-001-N (a) and BiOCl-001-OVs (d). The high-resolution TEM images of
BiOCl-001-N (b) and BiOCl-001-OVs (e). The insets show the corresponding typical
TEM images of the as-prepared samples. The SAED patterns of BiOCl-001-N (c) and
BiOCl-001-OVs (f). (g) Schematic illustration of the crystal orientation of the asprepared samples. (h) XRD pattern of the as-prepared powders.
Figure 4.2 The characterization of oxygen vacancies. (a) The UV-visible absorption
spectra of BiOCl-001-N and BiOCl-001-OVs. (b) The high-resolution XPS core level
spectra of Bi 4f for BiOCl-001-N and BiOCl-001-OVs. (c) The Raman spectra of
BiOCl-001-N and BiOCl-001-OVs. (d) The EPR spectra of BiOCl-001-N and BiOCl001-OVs.
Figure 4.3 (a) Acquiring rise and decay time of BiOCl-001-N by fitting the on/off
photocurrent curve. (b) Acquiring rise and decay time of BiOCl-001-OVs by fitting
the on/off photocurrent curve. (c), (d) ESR signals for DMPO-•O2- over BiOCl-001-N

Lists of Figures

xiv

and BiOCl-001-Ovs under full spectrum and visible light (λ > 420 nm) illumination,
respectively, for 4 min. (e), (f) ESR signals for DMPO-•OH- over BiOCl-001-N and
BiOCl-001-Ovs under full spectrum and visible light (λ > 420 nm) illumination,
respectively, for 4 min.
Figure 4.4 (a) Room-temperature steady-state PL spectra of the as-prepared BiOCl001-N and BiOCl-001-OVs. (b) The potentio electrochemical impedance spectra of
BiOCl-001-N and BiOCl-001-Ovs measured at 0 V versus Ag/AgCl electrode under
dark and full spectrum irradiation conditions. (c), (d) Photocurrent density of BiOCl001-N and BiOCl-001-Ovs under the irradiation of full spectrum and visible light (λ >
420 nm), respectively. (e), (f) Variation of methyl orange concentrations as a function
of irradiation time over BiOCl-001-N and BiOCl-001-Ovs under the illumination of
full spectrum and visible light (λ > 420 nm), respectively.
Figure 5.1 Schematic illustration of the preparation process and the corresponding
SEM images of BiOCl-Ag-S with Ag loaded on the surface of BiOCl (a) and BiOClAg-E with Ag loaded on the edge of BiOCl (b). (c) The XRD patterns of the asprepared BiOCl-Ag-S, BiOCl-Ag-E, BiOCl and Ag powders. High-resolution corelevel XPS spectra of Cl 2p (d) and O 1s (e) for BiOCl, BiOCl-Ag-S, BiOCl-Ag-E.
Figure 5.2 High-resolution TEM images of BiOCl from the side view (a) and the top
view (b). The schematic crystal structure and the typical low-resolution TEM images
of BiOCl is inserted in (a). The selected area electron diffraction pattern of BiOCl is
inserted in (b). (c) The typical low-resolution TEM image of BiOCl-Ag-S from the top
view. (d) The typical low-resolution TEM image of BiOCl-Ag-E from the top view.
The insets in (c) and (d) show the corresponding placement of Ag atoms.
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Figure 5.3 (a) UV-visible absorption spectra of BiOCl, BiOCl-Ag-S, BiOCl-Ag-E and
Ag. (b) The FDTD simulated absorption spectra of single Ag sphere with the size of
about 74 nm and the corresponding Ag dimer spheres. The insets show the simulated
electric field density distribution of the Ag and its dimer with the exciting wavlength
of about 450 nm. (c) The Annular dark-field (ADF) image (top) and the corresponding
EELS spectrum (bottom) of BiOCl-Ag (top). (d) EELS surface plasmon mapping (top)
on BiOCl(001)-Ag for the selected energy range marked in the EELS spectrum in (c)
and the corresponding line profile (bottom). (e) The Raman spectra of BiOCl, BiOClAg-S, BiOCl-Ag-E. (f) The Raman mapping for the marked Raman-active modes over
BiOCl-Ag-E. The insets show the typical low-resolution TEM image (top) and the
optical image of BiOCl-Ag-E used in the Raman mapping (bottom).
Figure 5.4 (a) SEM image of BiOCl-Ag-S. (b) The statistical size distribution of the
Ag loaded on BiOCl.
Figure 5.5 ESR signals for DMPO-•O2- (a), and DMPO-•OH- (b) over BiOCl, BiOClAg-S and BiOCl-Ag-E under full spectrum illumination for 4 min. (c) Mott-Schottky
plots of BiOCl, BiOCl-Ag-S and BiOCl-Ag-E. (d) Photocurrent density of BiOCl,
BiOCl-Ag-S and BiOCl-Ag-E under the irradiation of full spectrum. Variation of
methyl blue concentrations as a function of irradiation time over BiOCl, BiOCl-Ag-S
and BiOCl-Ag-E under the illumination of full spectrum (e) and visible light (λ > 420
nm) (f).
Figure 5.6 ESR signals for DMPO-•O2- (a), and DMPO-•OH- (b) over BiOCl, BiOClAg-S and BiOCl-Ag-E under full spectrum illumination for 4 min.
Figure 5.7 (a) Schematic illustration of the surface plasmon-induced charge transfer
mechanism between Ag and BiOCl. DET: direct electron transfer. PIRET: plasmon-

Lists of Figures

xvi

induced resonance energy transfer. (b) Schematic illustration of the generation of
active species over BiOCl-Ag-E.
Figure 5.8 SEM image of BiOCl photodeposited with Pt under the illumination of full
spectrum.
Figure 6.1 Activating multiple energy migration channels via constructing epitaxial
heterostructures. (a) Schematic representation of the energy migration mechanisms in
the epitaxial heterostructure. (b) Schematic representation of the energy migration
mechanisms in a non-epitaxial heterostructure. (c) Schematic design of epitaxial YF3:
Yb, Tm@BiOCl heterostructure together with the proposed energy migration
mechanisms. ETU: energy sequential upconversion process. ET: excited state energy
transfer process. PT: photon transfer process (fluorescence reabsorption).
Figure 6.2 (a) Theoretical modelling of BiOCl epitaxial growth on YF3. The lattice
spacing of (010) planes of BiOCl is 0.389 nm, and the lattice spacing of the (020) plane
at the interface with the (111) planes of YF3 is 0.384 nm. The mismatch between the
(010) plane and the (020) plane is around 0.6%, which provides the possibility of
epitaxial growth in view of the structural compatibility. (b) High-resolution TEM
image of YF3 with the indexed planes labelled. The colours of the atoms are: Cl: light
green, Bi: purple, O: red, F: yellow, Y: light blue. Combining (a) and (b), it is obvious
that the (001) plane of BiOCl is epaxially grown on the (111) plane of YF3.
Figure 6.3 Structural characterizations of YF3: Yb, Tm@BiOCl. (a) SEM image of
YF3: Yb, Tm@BiOCl microparticles. (b) High-angle annular dark field – scanning
transmission electron microscope (HAADF-STEM) image of the selected area in the
inset HAADF-STEM image of a randomly selected single YF3: Yb, Tm@BiOCl
particle. (c) Typical transmission electron microscope (TEM) image and the
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corresponding elemental mapping for the selected area in (b). The mappings of Bi
(light blue), Cl (red), and Y (yellow) demonstrate the core-shell structure of YF3: Yb,
Tm@BiOCl. High-resolution core level XPS spectra of Bi, Y (d) and F (e). (f)
HAADF-STEM image of a FIB-milled randomly selected YF3: Yb, Tm@BiOCl
particle. (g) Atomic HRTEM image of the selected area in f. It clearly displays the
lattice matching of YF3: Yb, Tm and BiOCl at the interface. The HRTEM image of
YF3: Yb, Tm (h) and BiOCl (i) for the selected area in g. The lattice fringes of YF3:
Yb, Tm can be indexed to the (111) and (020) planes, and the lattice fringes of BiOCl
can be indexed to the (010) and (001) planes. (j) Modelling of YF3: Yb, Tm and BiOCl
crystal structures and their interface, together with the lattice matching at the interface
obtained from STEM. Colours represent the following atoms: purple, Bi; red, O; light
green, Cl; yellow, Y; light blue, F; blue, Yb; red-brown, Tm. The structural
characterizations indicate that the BiOCl is epaxially grown on the surface of YF3: Yb,
Tm via the halogen atoms.
Figure 6.4 Schematic illustration of the synthesis of YF3: Yb, Tm@BiOCl. TEM
images of the original NaYF4: Yb, Tm with SEM images of the particles at each step
also presented.
Figure 6.5 XRD patterns of the as-prepared YF3: Yb, Tm@BiOCl, YF3: Yb, Tm, and
BiOCl. The standard patterns from the PDF cards for BiOCl and YF3: Yb, Tm are also
presented. The X-ray diffraction peaks of YF3: Yb, Tm@BiOCl can be indexed to the
orthorhombic YF3: Yb, Tm and the tetragonal BiOCl, indicating that the YF3: Yb,
Tm@BiOCl core-shell structure consists of YF3: Yb, Tm and BiOCl.
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Figure 6.6 (a) HAADF-STEM image of YF3: Yb, Tm@BiOCl. (b) Typical TEM
image and the corresponding elemental mappings for the selected area in (a). (c), (d)
Phase mappings of YF3: Yb, Tm@BiOCl for the selected area in (a).
Figure 6.7 Mechanistic investigation of the multiple energy migration process in YF3:
Yb, Tm@BiOCl. (a) UV-visible diffuse reflectance spectra of YF3: Yb, Tm, BiOCl
and YF3: Yb, Tm@BiOCl. (b) The photoluminescence spectra of single YF3: Yb, Tm
and YF3: Yb, Tm@BiOCl particles conducted by home-built confocal microscopy.
The photoluminescence spectra have been normalized by the peak at 780 nm. Confocal
microscope luminescence mapping for the single particle of YF3: Yb, Tm@BiOCl at
480 nm (c) and 768 nm (e) under 980-nm excitation. Confocal microscope
luminescence mapping for the single particle of YF3: Yb, Tm at 480 nm (d) and 768
nm (f) under 980-nm excitation. Line profile scanning for YF3: Yb, Tm@BiOCl and
YF3: YB, Tm at 480 nm (g) and 768 nm (h). The intensities of the luminescence in (ch) have been normalized by the intensity of 780 nm. (i) Luminescence decay curves of
YF3: Yb, Tm@BiOCl and YF3: YB, Tm at 480 nm (upper) and 768 nm (lower) with
the excitation of 980-nm laser. Typical TEM images combined with the corresponding
phase mappings for the selected area in the corresponding insets TEM images of YF3:
Yb, Tm@BiOCl particle (j) and YF3: Yb, Tm@YF3@BiOCl (k). (l)Variation of dye
concentrations as a function of illumination time for YF3: Yb, Tm@BiOCl and YF3:
Yb, Tm@YF3@BiOCl. The energy migration mechanisms of YF3: Yb, Tm@BiOCl
(m) and YF3: Yb, Tm@YF3@BiOCl (n). ET: Excited state energy transfer; PT: photo
transfer (fluorescence reabsorption). It is confirmed that both the excited state energy
transfer and the photon transfer present in the energy migration process of YF3: Yb,
Tm@BiOCl.
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Figure 6.8 (a) SEM image of YF3: Yb, Tm. HAADF-STEM images of FIB-milled
YF3: Yb, Tm@BiOCl particle (d) and YF3: Yb, Tm@YF3@BiOCl (g). (b), (e), (h)
High-resolution TEM images of the selected areas in (a), (d) and (g), respectively. (c),
(f), (i) Schematic illustrations of the structures in (a), (d) and (g), respectively.
Figure 6.9 Typical TEM images of selected areas in the corresponding inset images
for YF3: Yb, Tm@BiOCl particle (a) and YF3: Yb, Tm@YF3@BiOCl particle (f). (be) Elemental mappings of Y, Yb, Bi, and Cl for the area of YF3: Yb, Tm@BiOCl in
(a). (g-j) Elemental mappings of Y, Yb, Bi and Cl for YF3: Yb, Tm@YF3@BiOCl in
(b).
Figure 6.10 (a) optimized heterostructure of YF3: Yb, Tm@BiOCl by DFT method.
(b) Differential electron density distribution for (a).
Figure 6.11 Photocatalytic dye degradation and water oxidation properties. Variation
of methyl orange concentrations as a function of illumination time for YF3: Yb,
Tm@BiOCl, mechanical mixture of YF3: Yb, Tm/BiOCl and pure BiOCl nanosheets
under illuminations of the light with the wavelength larger than 420 nm (a) and NIR
light (λ>780 nm) (b). (c) UV-visible diffuse reflectance spectrum and MO degradation
percentage of YF3: Yb, Tm@BiOCl plotted as a function of wavelength of the incident
light. O2 evolution from aqueous AgNO3 solutions on YF3: Yb, Tm@BiOCl,
mechanical mixture of YF3: Yb, Tm/BiOCl and pure BiOCl nanosheets under
illuminations of visible light (420 nm < λ <780 nm) (d) and NIR light (λ >800 nm) (e).
(f) The corresponding O2 evolution rate comparison.
Figure 6.12 Variation of RhB concentrations as a function of illumination time for
YF3: Yb, Tm@BiOCl, and a mechanical mixture of YF3: Yb, Tm/BiOCl and pure
BiOCl nanosheets under illumination by light with wavelength longer than 420 nm (a)
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and NIR light (λ > 780 nm) (b). The ratio of photocatalyst to dye aqueous solution used
in (a) is 3 mg/9 ml. The ratio of photocatalyst to dye aqueous solution used in (b) is 3
mg/3 ml.
Figure 6.13 Variation of MB concentrations as a function of illumination time for YF3:
Yb, Tm@BiOCl, a mechanical mixture of YF3: Yb, Tm/BiOCl, and pure BiOCl
nanosheets under illuminations by light with wavelengths longer than 420 nm (a) and
NIR light (λ>780 nm) (b). The ratio of photocatalyst to dye aqueous solution used in
(a) is 3 mg/6 ml. The ratio of photocatalyst to dye aqueous solution used in (b) is 3
mg/3 ml.
Figure 7.1 TEM characterization of NaYF4: Yb, Tm–ZnO systems prepared at
different temperatures. (a) A typical TEM image of the as-prepared NaYF4: Yb,
Tm@ZnO nanoparticles synthesized at 210 oC. The phases are: ZnO in green, NaYF4:
Yb, Tm in red. (b) The SAED pattern of as-prepared NaYF4: Yb, Tm@ZnO
nanoparticles synthesized at 210 oC. (c), (e) and (g) are high-resolution TEM images
for NaYF4: Yb, Tm–ZnO synthesized at 180 oC, 210 oC and 240 oC, respectively. The
insets are the corresponding TEM images of the nanoparticles indicating the locations
for high-resolution TEM by the red squares. (d), (f) and (h) are the inverse FFT images
from the locale areas marked by green squares in (c), (e) and (g), respectively. The
white dashed lines in (c), (e), (d) and (f) show the interface boundary. The scale bar of
the inset image in (a) is 25 nm. The scale bar in (b) is 2 nm-1. The scale bars in (c), (e)
and (g) are 5 nm; the scale bars in the insets of (c), (e) and (g) are 20 nm.
Figure 7.2 (a) and (b) are the typical TEM images of as-prepared NaYF4: Yb, Tm and
NaYF4: Yb, Tm@ZnO nanoparticles, respectively, with the inserts showing the phase
mapping results. The colors of the phases are ZnO in green and NaYF4: Yb, Tm in red.
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(c) The corresponding size distributions of nanoparticles shown in (a) and (b). (d) The
XRD pattern for NaYF4: Yb, Tm@ZnO, and the standard PDF card for NaYF4: Yb,
Tm and ZnO. The scale bars for (a) and (b) are 100 nm. The scale bars for the inserted
images are 50 nm in (a) and 25 nm in (b).
Figure 7.3 TEM images for PCS synthesized at 180 oC (a), and NC synthesized at 240
o

C (b). The scale bars are 100 nm.

Figure 7.4 (a) and (b) are the phase mapping results for PCS and ES, respectively. The
colors of the phases are ZnO in green and NaYF4: Yb, Tm in red. (c) EDS line profile
of O elemental distribution for ES. (d) EDS spectrum of NaYF4: Yb, Tm@ZnO
nanoparticles. The core-shell nanoparticles are composed of NaYF4: Yb, Tm and ZnO.
The shell phase is the ZnO material, and the core phase is the NaYF4: Yb, Tm UCNP
material.
Figure 7.5 EDS line scans of O on different NaYF4: Yb, Tm@ZnO nanoparticles.
Figure 7.6 Phase mapping image for NC. The color of the phase is ZnO in green. (b)
The full EDS spectrum of NC synthesized at 240 oC. (c) and (d) are selected ranges of
the EDS spectrum marked in (b).
Figure 7.7 Schematic illustration of the growth conditions and corresponding
structures of NaYF4: Yb, Tm–ZnO systems.
Figure 7.8 TGA results for UCNPs. According to the previous reports, the weight loss
at the temperature from 150 oC to 300 oC can be ascribed to the desorption of OA–. It
can be observed that the desorption of OA– from the surface of UCNPs starts from 160
o

C and arrives at the maximum at about 190 oC to 230 oC.

Figure 7.9 Fluorolog spectrometer measurement of (a) NaYF4: Yb, Tm–ZnO particles
synthesized at 180 oC, 210 oC, 240 oC and pure NaYF4: Yb, Tm nanoparticles. Inserted
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figure: the comparison of the relative upconversion luminescence intensity of NaYF4:
Yb, Tm–ZnO particles synthesized at different temperature compared with NaYF4:
Yb, Tm nanoparticles. The confocal microscopy quantitative measurement of (b)
single NaYF4: Yb, Tm@ZnO synthesized at 210 oC, (c) NaYF4: Yb, Tm nanoparticles.
(d) The comparison of single particle emission intensity for NaYF4: Yb, Tm and
NaYF4: Yb, Tm@ZnO synthesized at 210 oC.
Figure 7.10 System setup for customized scanning confocal microscope.
Figure 7.11 Schematic modelling of the interface of NaYF4 (010) plane and ZnO (001)
plane, in which the in-plane lattice constant of NaYF4 (010) is d(101)=0.29 nm and the
in-plane lattice constant of ZnO (001) is d(100)=0.28 nm.
Figure 7.12 Upconversion luminescence decay curves of Tm3+ for blue light. The
collected emission wavelength is 475 ± 25 nm. It is obvious that the lifetime of the
epitaxial aligned core@shell nanoparticles is longer than the lifetime of upconversion
nanoparticles, indicating that the epitaxially aligned shell layer is beneficial for
reducing the non-radiative pathways.
Figure 7.13 (a) the left: illustrative diagrams of energy transfer among Yb3+, Tm3+ and
ZnO, the upper high-resolution TEM is obtained by FFT and reverse FFT from the
high-resolution TEM image of NaYF4: Yb, Tm@ZnO synthesized at 210 oC; 1
represents the excited state absorption, 2 represents the energy transfer upconversion,
3 represents the general energy transfer; the right: the typical Tm 3+-based
upconversion emission bands covering a broad range of wavelengths from ultraviolet
(~290 nm) to NIR(~880 nm) and their corresponding optical transitions. (b) I-V and
(c) Time-dependent photocurrents curve of NaYF4: Yb, Tm–ZnO particles synthesized
at 180 oC, 210 oC and 240 oC under 980 nm laser. The current density in (b) and (c) is
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obtained by dividing the spot size of 980 nm laser with current. Ewe vs. Ag/AgCl
represents the voltage value relative to the standard Ag/AgCl electrode.
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Chapter 1
1. Introduction
1.1. Research Background
With the continuous development of the global economy and society, energy shortages
and environmental pollution become the main global crisis in the 21st century. As a
result, exploring cost-effective, high-efficiency clean-energy conversion systems is an
urgent task to meet the increasing demand for sustainable development of human
needs.[1-3] Solar energy is well known as a major green energy source on our planet,
strategies to directly harvest and convert it into usable energy forms are highly desired
nowadays.[4-7] Photovoltaic cells and photodetectors are popular ways to directly
convert solar energy into electricity. And photocatalyst is another attractive approach
to convert the solar energy into chemical energy.[8,9] For the wide variety of clean
energy projects underway, light harvesting and conversion are important concerns in
achieving high solar-energy usage efficiency. Inorganic semiconductor materials,
which are abundant everywhere in the world, represent the particularly easy path to
light harvesting. Due to the characteristic of large band gap, however, most
semiconductor materials can only utilize ultraviolet (UV) light which only consists 5%
of the solar energy.[10-12] In addition, the charge recombination in the semiconductor is
another important issue that greatly limits the photocatalytic efficiency.[8] Hence,
developing strategies to broaden the solar energy utilization and promote the charge
separation is necessary for achieving efficient photocatalysts.
Two-dimensional (2D) semiconductors with layered structures possess high specific
surface areas and large amount of exposed atoms which could produce more active
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sites compared with bulk semiconductors. Thus, 2D semiconductors have sparked
intensive interests in the energy conversion and storage fields.[13-16] Bismuth
oxyhalides BiOX (X= F, Cl, Br, I) are typical 2D p-block semiconductors.[17-22] Their
featured electronic s-p hybridization induces highly dispersive valence and conduction
band structures. The photoexcited charge carriers therefore possess small effective
mass and rather high charge mobility, which facilitate the electron-hole separation and
charge transportation during the light-conversion process. Hence, bismuth oxyhalides
are promising photocatalysts with outstanding photocatalytic performance.[11,23-25] The
bandgap of the typical bismuth oxyhalides is around 3.2 eV.[11] It suggests that the
bismuth oxyhalides utilize only the UV range of the solar light, which limits the
photocatalytic efficiency. In order to enhance the photocatalytic efficiency for further
application, designing materials with wide-spectrum absorption based on bismuth
oxyhalides are in great demand.
During past decades, a variety of strategies have been employed to extend the
absorption spectrum of bismuth oxyhalides into visible or near-infrared (NIR) light
region, for example, via chemical doping,[26-28] constructing vacancy states[29-31] and
forming heterogeneous structures with other materials.[32-36] Among these, fabricating
2D bismuth oxyhalides with oxygen vacancies and constructing heterojunctions by
combining bismuth oxyhalides with metal or upconversion materials have attracted
great attention due to their effectiveness in improving the photocatalytic efficiency.

1.2. Objectives of the Research
In this PhD thesis, I first studied the effect of the oxygen vacancy states on the
photocatalytic performance of BiOCl. Based on this investigation, it can be concluded
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that the construction of the oxygen vacancy states can help to extend the absorption
spectrum of BiOCl into visible light. In addition, the oxygen vacancy states induce the
generation of trapping sites on the surface of BiOCl which facilitates the separation of
electron-hole excitons. As a result, the BiOCl with oxygen vacancy states presents
visible light-driven photocatalytic properties, and its photocatalytic property with the
irradiation of full solar light is superior than BiOCl without vacancy states. For my
second work, the heterostructure constructed between Ag and different facets of BiOCl
was investigated. The introduction of Ag can compensates the drawback of BiOCl on
the utilization of solar light due to the plasmon absorption in the visible light region.
Thus, the BiOCl-Ag can utilize the visible light and convert it into chemical energy to
degrade the pollutants. In the third work, I have fabricated the epitaxially aligned
heterostructures between YF3: Yb, Tm truncated-octahedral particles and the BiOCl
with vacancy states. YF3: Yb, Tm is a kind of upconversion materials which can
convert the NIR light into UV and visible light. The epitaxial heterostructure of YF3:
Yb, Tm@BiOCl enables ultrathin BiOCl nanosheets to possess NIR-driven
photocatalytic properties via efficient energy and photon transfer. Following this work,
I also checked the light conversion properties of epitaxial heterostructures of NaYF4:
Yb, Tm@ZnO. It is proven that the epitaxial interfaces can bridge the energy transfer
channel between the upconversion materials and the semiconductors. The nonradiative
decay pathways including scattering and quenching are therefore suppressed, resulting
in better light conversion efficiency. These results display that the construction of
vacancies and heterostructures is efficient for enhancing the solar energy conversion
efficiency. This thesis can provide the guidance for material design in other fields
including sensors, photonics and photodynamic.
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1.3. Thesis Structure
For the purpose of enhancing photocatalytic properties, semiconductor with oxygen
vacancy states and three different heterostructures were fabricated in this thesis to
extend the utilization of solar light into visible and NIR region. Besides, in order to
study the influence of the oxygen vacancy states and heterostructures in solar energy
conversion applications, detailed structural characterizations, photocatalytic and
photoresponse properties are performed, and their relationship is also discussed in
depth in this thesis. The scope of this thesis work is briefly outlined as follows:
Chapter 1 introduces the background of semiconductor photocatalysts and expounds
the importance and significance of this work.
Chapter 2 presents a literature review on recent progress in semiconductors with
vacancy states, upconversion-semiconductor heterostructures and novel metalsemiconductors heterostructures.
Chapter 3 presents the detailed preparation methods, as well as the structural and
photocatalytic characterization techniques for materials with heterostructures.
Chapter 4 investigates the effect of vacancy states on the photocatalytic properties.
Chapter 5 introduces the fabrication of heterostructure with BiOCl and Ag, and
studies the synergistic effects of BiOCl and Ag on the photocatalytic properties.
Chapter 6 introduces a heterostructure of YF3: Yb, Tm@BiOCl and its performance
in photocatalytic O2 evolution and dye degradation.
Chapter 7 presents a heterostructure of NaYF4: Yb, Tm@ZnO and its photoresponse
properties.
Chapter 8 summarizes the works in this thesis and provides some suggestions for
the design and synthesis of other materials and for applications in other areas.
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Chapter 2
2. Literature Review
2.1. General principles and challenges for photocatalytic
materials
In general, the photocatalytic process in semiconductors consists of three steps (Figure
2.1): first, the semiconductors absorb light and then create mobile electrons and holes
in conduction band (CB) and valence band (VB), respectively; Second, the
photogenerated electrons and holes migrate to the surface of the semiconductors; third,
the electrons and holes participate in the desired redox reactions or are collected by the
electrodes to produce currents.[1-3] Most electrochemical stable semiconductors
possess large band gaps with values larger than 3.0 eV, indicating that these
semiconductors can only be sensitized by the UV light which only consists 5% of the
solar light.[4] To improve the photocatalytic properties, strategies such as band
engineering, construction of heterogeneous structures and crystal facet engineering[5]
are used to extend the solar-light utilization of the semiconductor systems into visible
or near-infrared region. For the second step, the main drawback is the recombination
of the electron-hole pairs, which can consume the input energy in the forms of heat or
unwanted light. To prevent the recombination, the approach, which has generally been
applied to produce the driving force to direct the separation and transportation of the
electron-hole pairs, is to construct the heterogeneous structures between
semiconductors and the noble metals or between the semiconductors and the
semiconductors with different band alignments. For efficient solar energy-conversion
process in water splitting, the minimum band gap of the semiconductors is 1.23 eV
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which is determined by the redox potential of H+-H2 and O2-H2O redox pairs.[3,4,6] For
other light conversion process such as dye degradation, the chemical potential of the
CB electrons should be +0.5 to -1.5 V versus the normal hydrogen electrode (NHE) in
order to act as the reductants, and the oxidative potential of the VB holes should be
+1.0 to +3.5 V versus NHE.[7] Heterogeneous structures with suitable co-catalyst
loading can help to reduce the overpotential of the semiconductors, which is beneficial
to the oxidation and reduction reaction.

Figure 2.1 Schematic illustration of basic mechanism of a semiconductor lightconversion process.[3]
Based on the fundamental principles and challenges of semiconductors used in the
light-conversion field, constructing semiconductors with vacancies and heterogeneous
structures with suitable components are efficient methods to harvest and convert soar
light into valuable energy forms.
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2.2. Introduction of Heterogeneous Structures for Efficient
Solar-energy Conversion
Solar energy represents one of the most important clean energy sources, and becomes
the research focus in many green earth and renewable energy projects recently. The
efficiency of solar light conversion is of great importance for efficient photocatalysts.
Materials for efficient solar light conversion should satisfy several critical
requirements: (1) appropriate band gap to provide energetic electrons (Eg >> 1.23 eV,
typically > 2.0 eV), and to allow for efficient absorption overlap with the solar
spectrum Eg << 3.0 eV); (2) efficient charge separation and transportation properties;
(3) efficient utilization of photogenerated charges to trigger the photocatalytic
reactions or to produce photocurrent; (4) excellent chemical stability.[4] The single
material systems are hard to meet all these requirements. Hence, developing
heterogeneous structures consisting of multiple functional components becomes an
important strategy to improve the solar light conversion efficiency. In general, the
heterogeneous structure can combine the advantages of different components and
presents several great potential benefits for high solar-light conversion efficiency: (1)
enhanced utilization of solar light, for example, the large band-gap semiconductor
materials can be sensitized by the narrow band-gap semiconductors or the
upconversion materials, the heterogeneous structures with the integration of these
materials can not only use wide-solar spectrum but also possess the high intrinsic
photocatalytic properties of the large band-gap materials; (2) efficient charge
separation and transportation: the built-in electrical potential induced by
heterojunction (the p-n or the Schottky junction) facilitates the efficient electron-hole
pair separation and transportation; (3) cocatalyst effect: the proper cocatalyst can help
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to lower the redox overpotential at the active sites for the reaction; (4) improved
chemical stability: the surface of the semiconductor materials can be passivated by the
integrated materials, which helps to minimize the corrosion of the semiconductors
during the light conversion process.[4]
As is well known, materials with large surface area can provide more active sites
for the catalytic reactions; High crystallinity can reduce the recombination sites and
improve the utilization efficiency of the photogenerated holes and electrons during the
light-conversion process; The optical band gap and the band edge alignment of the
materials at the heterojunction interface determine the direction and efficiency of the
photoexcited charge separation and transportation.[8-17] Hence, the choice of suitable
materials to construct the heterogeneous structures is extremely important for
achieving high light-conversion efficiency.

2.3. P-block Bismuth Oxyhalides Materials
Recent years, semiconductors containing p-block elements have attracted great
attention in the photocatalytic fields.[18-24] The typical p-block elements can be marked
in the periodic table as shown in Figure 2.2. The configurations of d orbitals for the
marked elements in the semiconductors are d0 or d10, indicating that the band edges of
these semiconductors are constructed by the anisotropic p or s-p hybridization states.
The spatially anisotropic p and s-p hybridization states can create highly dispersive
VB and CB structures, which help to reduce the effective mass of the photoexcited
electron-hole pairs.[25-27] As a result, the photogenerated charge separation and
transportation of these semiconductors are improved, which is beneficial to the high
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energy conversion efficiency. Therefore, preparing semiconductors with p-block
elements is highly desired for achieving high light-conversion efficiency.

Figure 2.2 (a) Diagram of the relationship between the band shape and the effective
mass of electrons and holes. (b) Diagram of the band structure of direct-gap
semiconductors, illustrating its role in determining the catalytic properties of
photocatalysts. (c) The periodic table of the elements with the IA and IIA, IB and IIB,
and p-block regions marked using red ovals.[28]
Semiconductors with quasi-two-dimensional structures possess large surface-to
volume ratio which allows these two-dimensional (2D) materials to have outstanding
performance in catalyst,[29] energy storage,[30,31] optoelectronic[32] and some other
fields. Hence, many efforts have been dedicated to develop 2D semiconductors
containing p-block elements. Bismuth oxyhalides are typical 2D p-block
semiconductors used as photocatalysts. I will discussion their crystal structures and
modifications for high photocatalytic efficiency in the following section.
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2.3.1. Crystal Structures of Bismuth Oxyhalides
The typical bismuth oxyhalides possess open crystalline layered structures with
[Bi2O2]2+ slabs sandwiched between two slabs of halogen atoms through strong
electrovalent bonds (Figure 2.3).[33-36] The main exposed facet of bismuth oxyhalides
is the highly active (001) facet, which is responsible for the high photocatalytic
properties of these semiconductors. The crystal phase, which can be indexed by the Xray diffraction patterns, is the tetragonal phase. Taking the example of BiOCl, the
lattice parameters of the detailed crystal structure is a = b = 0.3891 nm and c = 0.7369
nm.[37] The open layered tetragonal structure determines that the bismuth oxyhalides
can be easily synthesized into ultrathin nanosheets with vacancies or be easily
modified by doping elements such as C. The unique properties of bismuth oxyhalides
give these semiconductors great potential for achieving high photocatalytic
performance.
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Figure 2.3 (a) Schematic illustration of the crystal structures of BiOCl. (b) The crystal
structure of the [Bi2O2]2+ slab from the side view. (c) The crystal structure of the
[Bi2O2]2+ slab from the top view. (d) The XRD pattern of BiOCl nanosheets together
with the lines from the standard card JCPDS#6-0249. (e) Schematic representation of
the crystal orientation of the BiOCl nanosheets.[37]

2.3.2. Methods for Achieving High Photocatalytic Performance in
Bismuth Oxyhalides
2.3.2.1. Doping
According to the basic principles of the light-conversion materials, the charge
recombination, limited utilization of the solar light and the improper position of the
VB and CB compared with the oxidation and reduction potentials of H2O are the main
obstacles for high solar-energy conversion efficiency. Doping with metal,[38,39] non-
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metal[40] or rare earth ions[41] is considered as an efficient way to overcome these
drawbacks of the intrinsic semiconductors, and attracts great attention recently.
The optical band gap of BiOCl with Fe doped can be reduced from 3.06 eV to 1.86
eV (Figure 2.4),[39] resulting in a larger overlap between the absorption of BiOCl and
the solar-light spectrum. As a result, more electron-hole pairs are expected to be
generated in BiOCl under the illumination, which facilitates the light-conversion
process. Figure 2.5a demonstrates that the photocurrent of Fe/BiOCl was around 6 μA
which is 3 times higher than that of pure BiOCl. Besides, the degradation rate of
methylene blue (MB) of Fe/BiOCl arrives nearly 90% after 75 min of visible-light
irradiation, while the degradation rate of pure BiOCl is only 15% during the same
period (Figure 2.5b). The rather excellent photoresponse and photocatalytic dye
degradation properties confirm that the widening absorption spectrum of BiOCl
caused by Fe doping can help to improve the light-conversion efficiency.

Figure 2.4 (a) UV-vis diffuse reflectance spectra of (αEphoton)1/2 vs. Ephoton curves for
Fe/BiOCl and pure BiOCl. (b) Proposed mechanism for the dye degradation of
Fe/BiOCl under the illumination of visible light.[39]
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Figure 2.5 (a) Transient photocurrent response of the as-prepared BiOCl and
Fe/BiOCl materials. (b) The photocatalytic dye degradation performance of BiOCl and
Fe/BiOCl materials.[39]
In general, the photogenerated electron-hole pairs need hundreds of picoseconds to
travel from the bulk to the reactive sites at the surface, and the following catalytic
reactions with the absorbed reactants occur in a large time scale from several
nanoseconds to several microseconds.[43] In contrast, the recombination between the
holes and electrons only requires several picoseconds or dozens of nanoseconds.[12]
Thus, the bulk charge recombination is one of the main factors that limit the
improvement of the photocatalytic efficiency for the semiconductors. Internal electric
field, which can be caused by the nonuniform charge distribution associated with the
chemical composition of the semiconductors, is a good way to tune the charge
separation.[5,44-46] As shown in Figure 2.6, Bi3O4Cl with C doped possesses enhanced
charge separation property compared with the pure Bi3O4Cl materials.[47] Besides, with
the concentration of C increasing, the intensity of the internal electric field is
increasing, leading to increased charge separation properties. Thus, Bi3O4Cl with high
concentration of C doped presents superior photocatalytic water splitting properties
(Figure 2.7).
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Figure 2.6 (a) Calculated Density of States (DOS) for the specific facets of Bi3O4Cl.
(b) Band alignment for the specific facets of Bi3O4Cl. TEM and elemental mapping
images of Bi3O4Cl with MnOx (c, d, e) and Pt (i, j, k) photodeposited, and C-doped
Bi3O4Cl with MnOx (f, g, h) and Pt (l, m, n) photodeposited. (o) Schematic
representation of metal or metal oxides photodeposition on C-doped Bi3O4Cl under
the illumination of visible light with the wavelength larger than 420 nm.[47]
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Figure 2.7 (a) Internal electric field intensity of Bi3O4Cl with different concentration
of C. Assume the internal electric field intensity of pure Bi3O4Cl is 1. (b)
Photoluminescence spectra of the as-prepared samples. (c) Bulk charge separation
efficiencies of pure Bi3O4Cl, C-doped Bi3O4Cl and some other semiconductor
photocatalysts. (d) Photocatalytic water splitting for oxygen and hydrogen evolution
of pure and C-doped Bi3O4Cl under the illumination of visible light with the
wavelength larger than 420 nm.[47]
Doping can also induce the large polarization effect which promotes the charge
separation and facilitates the improvement of the solar-light conversion efficiency.[48]
For example, when the I5+ in IO3 of BiOIO3 was replaced by the V5+ ions, strengthened
macroscopic polarization was produced.[42] Second-harmonic generation (SHG) was
used to evaluate the magnitude of the polarization.[49] Under the irradiation of a 1064
nm Nd: YAG laser, the SHG response of BiOI0.926V0.074O3 was two times higher than
that of BiOIO3 (Figure 2.8), indicating that the superior macroscopic polarity is
presented in BiOI0.926V0.074O3. Thus, the photogenerated charge separation property of
BiOI0.926V0.074O3 is better than BiOIO3, which is further confirmed by the transient
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photocurrent response and surface photovoltage spectra (SPV) (Figure 2.9a,b). Under
the illumination of UV light, the current density of BiOI0.926V0.074O3 was increased 5
times of BiOIO3. Besides, the SPV signal of BiOI0.926V0.074O3 was enhanced 10-fold
compared with BiOIO3. These results illustrate that the replacement of I by V can help
to induce better separation of photoexcited electron-hole pairs. The photocatalytic RhB
degradation was used to explore whether the light-conversion process was improved
by the V substitution for I. Figure 2. 9c, d demonstrates that compared with BiOIO3,
the reaction-rate constant of rhodamine B (RhB) degradation for BiOI0.926V0.074O3 was
increased 9.1 times and 20.1 times under visible light (> 420 nm) and UV light,
respectively. Hence, the replacement of I by V can give BiOI0.926V0.074O3 to enhanced
photocatalytic property through inducing larger polarity, which suggests that the
doping of V is favourable to the high solar-light-conversion efficiency.

Figure 2.8 (a) Crystal structure of BiOI0.926V0.074O3 along [001] direction (a), and
along [100] direction (b). (Black arrows indicate polarization direction of I1-xVxO3). (c)
SHG generation for BiOIO3 and BiOI0.926V0.074O3.[42]
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Figure 2.9 (a) Transient photocurrent response over BiOIO3 and BiOI0.926V0.074O3
under UV light. (b) SPV over BiOIO3 and BiOI0.926V0.074O3 under UV light. (c)
Reaction-rate constant for RhB degradation over BiOIO3 and BiOI0.926V0.074O3 under
visible light. (c) Reaction-rate constant for RhB degradation over BiOIO3 and
BiOI0.926V0.074O3 under UV light.[42]
2.3.2.2. Modulation of Strain
Due to the 2D layered structure, the electronic structure of bismuth oxyhalides is
sensitive to the subtle inner strain variation.[50] The density functional theory (DFT)
calculations reveal that the low-strain facilitates to produce dispersive band structure
(Figure 2.10).[51] Besides, semiconductors with low-strain present lattice relaxation at
the edge area, which leads to inhomogeneous distribution of the inner strain and help
to form the pseudoheterostructures (Figure 2.11).[52] The total effect of reducing strain
leads to better charge separation properties for the semiconductors. Thus, the
photocatalytic properties of the semiconductors can be improved. As shown in Figure
2.12, the degradation rate of RhB for BiOBr-circle with low train is almost 100% after
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30 min illumination of the visible light, while the degradation rate of BiOBr-square
with high strain is 70% during the same period. Furthermore, the photocurrent
response of BiOBr-circle is more than two-times of BiOBr-square. These results
indicate that the design of semiconductors with low strain is favorable for high solarlight-conversion efficiency.

Figure 2.10 (a) The Band structure of BiOBr with biaxial strain calculated by DFT.
(b) The calculated DOS of BiOBr with different kinds of strain.[51]

Figure 2.11 (a), (e) High-angle annular dark-field (HAADF) images of BiOBr-square
and BiOBr-circle, respectively. (b), (f) The corresponding enlarged images of the
selected area in (a) and (e), respectively. (c), (g) the fast Fourier transform (FFT)
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patterns of (b) and (f), respectively. (d) and (h) Strain mappings by geometric phase
analysis (GPA) for BiOBr-square and BiOBr-circle, respectively.[52]

Figure 2.12 (a) UV-vis diffuse reflectance spectrum of BiOBr-square and BiOBrcircle with the derivation of the band-gap values in the inset. (b) Degradation
experiments of RhB for P25, BiOBr-square, BiOBr-circle under the illumination of
visible light. (c) The corresponding reaction rate constants of RhB degradation. (d)
Degradation experiments of MO for P25, BiOBr-square, BiOBr-circle under the
illumination of visible light. (e) The corresponding reaction rate constants of MO
degradation. (f) The photocurrent response of the as-prepared BiOBr samples with the
irradiation of visible light.[51]
2.3.2.3. Constructing Vacancy States
Vacancy states can trap electrons or holes and induce unbalanced charge distribution,
resulting in excellent properties of charge carrier separation and transportation.[52,53]
The surface vacancies can also activate the absorbates, and create charged excited
states, which help to reduce the energy barrier for the interfacial charge transfer.[55-57]
Moreover, the defect states generated by the vacancies are always located between the
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VB and CB of the semiconductors, leading to wide-spectrum absorption and therefore
high solar-light utilization.[58-60] Hence, constructing materials with vacancies is a
facile way to improve the solar-energy conversion efficiency.
For BiOCl with oxygen vacancies, the hybridized Bi-6p and Cl-3p orbitals create a
new electronic state between the VB and CB of the perfect BiOCl nanoplates (Figure
2.13a).[58] Thus, these BiOCl materials can utilize the short-wavelength solar light and
present extended absorption spectrum, which is confirmed by the UV-vis diffuse
reflectance spectrum (Figure 2.13b). The photogenerated electrons on the CB of the
materials with oxygen vacancies can be trapped by the defect states, and then be
transferred to the absorbates (including N2, O2, water or others) to participate in the
surface productive reactions.[18,61-64] Due to the enhanced utilization of the solar light
and the improved charge separation and transportation, BiOCl with oxygen vacancies
is expected to demonstrate better photocatalytic performance.

Figure 2.13 (a) Calculated DOS for supercell of BiOCl with oxygen vacancies and
perfect BiOCl. (b) UV-vis diffuse reflectance spectra of BiOCl with different level of

Chapter 2: Literature Review

24

oxygen vacancies.[58] (c) Schematic illustration of charge separation and transportation
for materials with oxygen vacancies.[18]
X-ray photoelectron spectroscopy (XPS) can be used to roughly evaluate the
existence of oxygen vacancies. For example, compared with perfect BiOCl, the highresolution core-level XPS spectrum of Bi in BiOCl with oxygen vacancies has two
additional peaks with the binding energies at 162.6 and 157.5 eV which correspond to
the partial reduction of Bi atoms related to the oxygen vacancies (Figure 2.14a).[18]
Electron paramagnetic resonance (EPR) is another general approach to analyse the
oxygen vacancies. BiOCl with oxygen vacancies has unpaired electrons, thus, an
obvious signal with the value of g = 2.001 in the EPR spectrum can be observed for
BiOCl with oxygen vacancies while absent for perfect BiOCl (Figure 2.14b).[18,58,65]
Positron annihilation spectrometry also can be used to get information on the type and
relative concentration of defects/vacancies by measuring the life time of the
positron.[66,67] As shown in Figure 2.14c, d, there are four lifetime components in the
positron lifetime spectra of BiOCl nanoplates and BiOCl nanosheets. The τ3
component with the value of 550-590 ps is ascribed to the large defect clusters, and
the component of τ4 with the value of 2.2-2.5 ns is due to the interface in the material.
The shortest component with the value of 250 ps is assigned to the single isolated
bismuth vacancies and the component of τ4 with the value around 325 ps is mainly
attributed to the positron annihilation as trapped at the Bi3+-oxygen vacancy associates.
It is clear that the triple Bi3+-oxygen vacancy is the main defect in the ultrathin BiOCl
nanosheets, which arises from the unique structure with more atoms exposed.
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Figure 2.14 (a) High-resolution core-level XPS spectra of Bi in BOB-001-H (perfect
BiOBr nanoplates) and BOB-001-OV (BiOBr with oxygen vacancies). (b) EPR
spectra of BOB-001-H and BOB-001-OV.[18] (c) Positron annihilation spectra of
ultrathin BiOCl nanosheets and BiOCl nanoplates. (d) The fitted positron lifetime
parameters for ultrathin BiOCl nanosheets and BiOCl nanoplates.[37]
Due to the abundant localized electrons which can induce π-back-donation, the
molecules, such as N2, O2, can be easily absorbed and activated by the bismuth
oxyhalides with vacancies (Figure 2.15a). Thus, bismuth oxyhalides with vacancies
can be widely used in photocatalytic N2 fixation, O2 evolution, dye degradation and
other photocatalytic reactions.[18] As shown in Figure 2.15b, the photocatalytic N2
fixation for BiOBr with oxygen vacancies is estimated to be 104.2 μmol h-1 g-1 under
the irradiation of visible light while almost no N2 can be reduced into NH3 for perfect
BiOBr during the same period, indicating that the presence of the oxygen vacancies is
favourable for the N2 fixation. Compared with perfect BiOCl materials, BiOCl with
oxygen vacancies presents better O2 evolution properties, and with the concentration
of oxygen vacancies increasing, the O2 evolution rate is increasing. The O2 evolution
rate of BiOCl with rich oxygen vacancies is about 1.75 mmol/g in 5 h illumination of
visible light (λ>420 nm), while the O2 evolution rates of BiOCl with poor oxygen
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vacancies and perfect BiOCl are 0.5 mmol/g and 0 mmol/g, respectively.[58] Besides,
the RhB degradation rate of ultrathin BiOCl nanosheets with Bi3+-oxygen vacancy
associates is 1.25 times higher than that of the perfect BiOCl nanoplates under both
the UV and visible light.[37] Therefore, the construction of vacancy states is beneficial
for the conversion of solar light into chemical energy, and improves the solar-light
conversion efficiency.

Figure 2.15 (a) Schematic illustration of the photocatalytic N2 fixation model. (b) The
evolution of NH3 plotted as a function of the irradiation time under visible light (λ >
420 nm).[18] (c) The evolution of O2 plotted as a function of the irradiation time under
visible light (λ > 420 nm).[58] (d) The RhB degradation of ultrathin BiOCl nanosheets
and BiOCl nanoplates under UV and visible light.[37]
2.3.2.4. Constructing Heterogeneous Structures
Different semiconductors have different band alignments and band gaps. Integrating a
wide band-gap semiconductor with a narrow band-gap semiconductor can make the
photocatalysts systems utilize both the short-wavelength solar light and long-
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wavelength solar light, and thus improve the efficiency of the solar light utilization. In
addition, due to the different fermi levels of different semiconductors, internal electric
fields will be formed at the heterojunction of the heterogeneous structures, which
promotes the photogenerated charge separation properties. Hence, developing
heterogeneous structures with multifunctional semiconductors is an efficient strategy
to improve the light-conversion efficiency.
As shown in Figure 2.16, the MoS2 monolayer can be selectively and chemically
attached on the surface of Bi12O17Cl2.[68] Due to different properties of Fermi level,
the electric field can be formed between these two monolayers, which induces the
separation of the photocreated electron-hole pairs (Figure 2.17).[68,69] As is known, the
photodepositon process for Pt needs electrons while the photodeposition process for
MnOx needs holes. Thus, the imaging of the distribution of Pt and MnOx can be used
to describe the destinations of the photogenerated electrons and holes.[70] As illustrated
in Figure 2.18, Pt is mainly photodeposited on MoS2 while MnOx is mainly
photodeposited on Bi12O17Cl2, indicating that photoexcited electron-hole pairs are
effectively separated, and MoS2 is the destination of photoexcited electrons and
Bi12O17Cl2 is the destination of photoexcited holes.[47] Benefiting from these excellent
charge separation properties, the MoS2-Bi12O17Cl2 bilayer materials with Janus
junctions present superior photocatalytic hydrogen evolution properties, and the
visible-light-driven hydrogen evolution rate is 33 mmol h-1 g-1. These results indicate
that the construction of heterogeneous structures is efficient for the high lightconversion efficiency.
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Figure 2.16 (a) Typical TEM image, (b-e) elemental mapping images, (g-h) atomic
force microscope (AFM) images of MoS2-Bi12O17Cl2. (f) Theoretical thickness of
MoS2 and Bi12O17Cl2 monolayers. (i) Height profiles along the lines in h.[68]

Figure 2.17 Crystal structure and the charge flow process within MoS2-Bi12O17Cl2.[68]
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Figure 2.18 (a,f) Typical TEM images of MoS2-Bi12O17Cl2. (b-e) Elemental mapping
images of MoS2-Bi12O17Cl2/Pt. (g-j) Elemental mapping images of MoS2Bi12O17Cl2/MnOx. (k) Cycling tests of photocatalytic hydrogen evolution over MoS2Bi12O17Cl2 and Bi12O17Cl2 monolayer with 10 mg catalysts in 0.3 mol/L ascorbic acid
under visible light (λ > 420 nm).[68]

2.4. Upconversion Material/semiconductor Heterogeneous
Structures
Due to the wide-band-gap characteristics, most semiconductors can only absorb the
ultraviolet light which occupies only 5% of the full solar spectrum.[5,71,72] In order to
improve the solar light conversion efficiency, extending the absorption of the
semiconductors into visible or even NIR range is highly desired. Upconversion
materials can convert the low-energy NIR photons into high energy UV and visible
photons via multiphoton sequential energy transfer process.[73-76] Besides, the emission
spectrum and relative intensity of upconversion materials can be modulated by
changing the species and concentration of the lanthanide doping ions. Hence,
constructing the heterogeneous structures between upconversion materials and
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semiconductors represents an efficient and versatile approach in improving the light
conversion efficiency of the semiconductors, and attracts great attention recently.

2.4.1. Upconversion Materials
Upconversion materials with different lanthanide doping species and concentrations
present different emission spectrum under the irradiation of the NIR laser.[77] For
NaYF4 with Yb3+ and Tm3+ doped, the high concentration of Tm3+ can lead to the
concentration quenching which results in the lower emission intensity at the shortwavelength peaks.[75,78] Hence, the general used upconversion materials in the
upconversion-semiconductor heterostructures is NaYF4: Yb, Tm with 0.5% of the
Tm3+ concentration. Figure 2.19 shows the photoluminescence spectrum of the typical
NaYF4: 30%Yb, 0.5%Tm nanoparticles under the irradiation of 980 nm laser. It is
obvious that the upconversion particles can absorb the NIR light and emit UV and
visible light. The emission peaks centred at 290, 345 and 360 nm can be assigned to
the transitions of 1I6→3H6, 1I6→3H4 and 1D2→3H6 of Tm3+, respectively. The two blue
emission peaks centred at 450 and 475 nm are attributed to the transitions of 1D2→3F4
and 1G4→3H6 of Tm3+, respectively.[79,80] The green peak centred at 511 nm is due to
the transition of 1D2→3H5. NaYF4: Yb, Er is another common upconversion materials
used in the upconversion-semiconductor heterostructures for light conversion. Similar
with NaYF4: Yb, Tm, NaYF4: Yb, Er can also convert the NIR light into visible and
UV light with the emission peaks centred at 380, 410, 487, 524, 548 and 661 nm
(Figure 2.20).[81,82] These upconverted UV and visible light are especially useful for
the NIR-driven photocatalytic properties of wide band-gap semiconductors and the
semiconductors with defect states.
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Figure 2.19 (a) Photoluminescence spectrum of NaYF4: 30%Yb, 0.5%Tm under the
irradiation of 980 nm laser. (b) Schematic illustration of the transmission energy
sublevels of Yb3+ and Tm3+.[80]

Figure 2.20 (a) Photoluminescence spectrum of NaYF4: Yb, Er under the irradiation
of 980 nm laser.[81] (b) Schematic illustration of the transmission energy sublevels of
Yb3+ and Er3+.[82]
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2.4.2. Structure of Upconversion-semiconductor Systems
2.4.2.1. Two-layer Core-shell Structure
Directly coating the semiconductors on the surface of upconversion materials is widely
used for fabricating the upconversion-semiconductor heterostructures. Currently,
many works have been done on this kind of heterostructure systems, including NaYF4:
Yb, Tm@TiO2,[83-86] NaYF4: Yb, Er@CdS,[87] NaYF4: Yb, Tm@ZnO,[88,89] etc. Take
the example of NaYF4: Yb, Tm@ZnO (Figure 2.21a, b),[89] benefiting from the coreshell structure, the upconverted energy from NaYF4: Yb, Tm can be absorbed by the
semiconductors, as confirmed by the decrease in the UV range of the
photoluminescence (PL) spectrum for NaYF4: Yb, Tm@ZnO compared with NaYF4:
Yb, Tm (Figure 2.21c).

Figure 2.21 (a) Typical TEM image of NaYF4: Yb, Tm@ZnO. (b) Scanning TEM
(STEM) image of NaYF4: Yb, Tm@ZnO. (c) Emission spectra of pure NaYF4: Yb,
Tm, pure and mixed with ZnO, emission and absorbance spectra of ZnO, and emission
spectrum of NaYF4: Yb, Tm@ZnO.[89]
2.4.2.2. Two-layer Electrostatically Linked Structure
Another common heterostructure between upconversion materials and the
semiconductors is the electrostatically linked structure. For NaYF4: Yb, Er/CdSe,[90]

Chapter 2: Literature Review

33

the oleic acid-capped NaYF4: Yb, Er was used to direct the growth of CdSe in the
presence of oleylamine. As the acid and amine-capped nanoparticles have opposite
surface charges, these two kinds of nanoparticles can be linked together by the
electrostatic attraction.

Figure 2.22 (a) Typical TEM image of NaYF4: Yb, Er. (b) Typical TEM image of
NaYF4: Yb, Er/CdSe.[90]
2.4.2.3. Three-layer Core-shell Structure
The upconversion materials are generally synthesized in the organic solutions, hence,
the surfaces of the upconversion materials are hydrophobic which limits the fabrication
of the heterostructures between upconversion materials and semiconductors.
Modifying the hydrophobic upconversion materials with uniform carbon layer is an
efficient strategy to make the surfaces of the upconversion particles hydrophilic and
feasibly functionalized. For example, CdS can be in situ grown on the surface of
NaYF4: Yb, Tm@C[91] due to the carbon layer which can provide a good substrate for
the attachment of the hydrophilic CdS precursors (Figure 2.23). The three-layer
structure can also facilitate the activation of the light conversion process in the NIR
light range.

Chapter 2: Literature Review

34

Figure 2.23 (a) Typical TEM image of NaYF4: Yb, Tm. (b) Typical TEM image of
NaYF4: Yb, Tm@C. (c) Typical TEM image of NaYF4: Yb, Tm@C@CdS.[91]

2.4.3. Light-conversion Related Applications
2.4.3.1. Photocatalytic Dye Degradation
The upconverted energy absorbed by the semiconductors can be used to activate the
NIR-driven photocatalytic dye degradation. Generally, the semiconductors cannot be
used to catalyse the dye degradation process under the irradiation of NIR light due to
the limited absorption of the solar light. With the introduction of the upconversion
materials, the long-wavelength NIR light can be converted into short-wavelength UV
and visible light which can be utilized by the semiconductors. Thus, the upconversionsemiconductor systems possess NIR-driven dye degradation properties. As shown in
Figure 2.24, after 14 h irradiation, the degradation rate of MB reaches about 65% in
the presence of NaYF4: Yb, Tm@TiO2.[84] The degradation rate of MB in the presence
of a physical mixture of NaYF4: Yb, Tm/TiO2 during the same period is about 30%
which is nearly two times lower than the core-shell materials. Such differences can be
assigned to the fact that there are compact interfaces between NaYF4: Yb, Tm and
TiO2 in the core-shell heterostructures. Hence, the energy transfer in NaYF4: Yb,
Tm@TiO2 is more efficient than in the physical mixture.
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Figure 2.24 (a) The absorbance spectra of MB during the photocatalytic process in the
presence of NaYF4: Yb, Tm@TiO2 under the NIR irradiation. (b) Time-dependent
degradation rate of MB in the presence of NaYF4: Yb, Tm, NaYF4: Yb, Tm/TiO2
physical mixture, NaYF4: Yb, Tm@TiO2, with and without the photocatalysts in the
dark.[84]
2.4.3.2. Photocurrent Response
The pure NaYF4: Yb, Tm materials cannot generate the photocurrent under the light
irradiation due to the confined intraconfiguration of f-f transitions during the energy
transfer process.[92] In the upconversion-semiconductor heterostructures, the lowwavelength NIR light can be upconverted by the upconversion materials and then
transferred to the semiconductors. The photogenerated electron-hole pairs in the
semiconductors are dissociated and then collected by the electrode, so that the
photocurrent can be observed for the upconversion-semiconductor systems. Figure
2.25 shows that the stable and uniform photocurrent is achieved during each light-on
and light off interval for NaYF4: Yb, Er/CdSe.[90] Such photocurrent response indicates
that the upconverted energy can be absorbed and utilized by the CdSe semiconducto.
The construction of upconversion-semiconductor heterostructure can extend the
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utilization of the upconversion materials into photodetector field and can also enable
semiconductors to be activated with NIR excitation.

Figure 2.25 (a) I-V curve of the NaYF4: Yb, Er/CdSe-based device (the channel length
is 1880 μm and its width is 6 μm) in the dark and under 980 nm laser radiation. The
bottom inset shows the dependence of the photocurrent on the laser power. (b) Timedependent photocurrent response in the laser on-off intervals.[90]
2.4.3.3. Photodynamic Therapy
Under the light illumination, semiconductors can be excited to generate high energy
electrons which activate the oxygen molecules to produce reactive oxygen species
(ROS). The ROS can destroy lipids, proteins and nucleic acids, which can kill the
cancer cells.[93,94] Thus, the semiconductors can be used in the photodynamic cancer
therapy field. As UV light is harmful to organisms, constructing heterostructures with
upconversion materials and semiconductors is an important strategy to realize safe and
nontoxic NIR-driven photodynamic therapy. The photodynamic therapy can be
evaluated by measuring the ROS. As demonstrated by Figure 2.26a, the fluorescence
intensity of 3’-(p-aminophenyl) fluorescein (APF) which was used to estimate the
intensity of ROS[95-97] increases with the NIR light irradiation time, suggesting that the
ROS was increasingly produced with time. Figure 2.26b shows that after the treatment
of NaYF4: Yb, Tm@ZnO with 30 min NIR exposure and 72 h post-irradiation
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incubation, nearly 45% of the breast cancer cells died, indicating that the
upconversion-semiconductor systems can be used in the NIR-driven photodynamic
therapy.[89]

Figure 2.26 (a) Normalized APF (3’-(p-aminophenyl) fluorescein) fluorescence
intensity with the dependence of irradiation time. (b) Effects of NIR exposure for
NaYF4: Yb, Tm@ZnO on breast cancer cell viability.[89]

2.5. Noble Metal/semiconductor Heterogeneous Structures
Noble metals such as Ag, Au, Pt and Pd have been widely used to enhance the light
conversion efficiency via surface plasmonic resonance effect.[9-11,98,99] In general,
noble metal/semiconductor heterostructure can mainly provide three benefits for the
light conversion efficiency. First, the built-in electric field can be formed at the
junction of nole metals and semiconductors due to the equilibrium alignment of the
Fermi levels, resulting in enhanced separation of photogenerated electron-hole pairs.
Second, the noble metals can help to enhance the absorption of the semiconductors via
directing and concentrating the solar light at the interface or in the bulk of the
semiconductors. Third, the incident light couples with the oscillation of the electrons
in the noble metals, which induces the generation of the surface plasmon states. By
resonance energy transfer and direct electron injection, the noble metal can transfer
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the stored energy in the plasmon states to the semiconductors. Thus, fabricating the
noble metal/semiconductor heterostructures as a promising approach to improve the
solar-light conversion efficiency has attracted great attention recent years.
BiOCl nanosheets with Ag attached on the (001) facets and Pd attached on the (110)
facets (denoted as Ag-(001)BiOCl(110)-Pd) can be prepared (Figure 2.27a-c).[44]
Compared with other metals, Ag possesses larger quality factor which is used to
describe the surface plasmonic strength.[100] Thus, the Ag cubes can help to improve
the solar-light absorption of Ag-(001)BiOCl(110)-Pd. The Schottky junctions between
Pd cubes and BiOCl facilitate the charge separation of Ag-(001)BiOCl(110)-Pd.[101103]

The synergic effect between the Ag cubes and Pd cubes is beneficial for the high

light conversion efficiency of Ag-(001)BiOCl(110)-Pd. As illustrated in Figure 2.29a,
b, the photocurrent response Ag-(001)BiOCl(110)-Pd has been greatly enhanced
compared with pure BiOCl nanosheets. The O2 evolution rate of Ag-(001)BiOCl(110)Pd is almost 10 times higher than that of pure BiOCl nanosheets. The Au particle can
be in situ grown on the three dimensional (3D) BiOCl sphere (Figure 2.27d, e). As
depicted in Figure 2.28a, the introduction of Au can help to extend the absorption
spectrum of Au/BiOCl heterogeneous materials.[104] Due to the wide absorption and
good charge separation property, more carriers can be generated in Au/BiOCl
heterogeneous materials as indicated by Figure 2.28b, c. The oxidation of benzyl
alcohol in the

18

O2 atmosphere was used to evaluate the performance of the light

conversion reactions for Au/BiOCl heterogeneous materials. Figure 2.29c, d
demonstrates that with the amount of the Au atomic ratio in Au/BiOCl heterogeneous
materials increasing, the amount of the oxidized benzyl alcohol increases, suggesting
that the oxidation efficiency of benzlyl alcohol has a close relationship with the
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by

Au.

Therefore,

the

construction

of

noble

metal/semiconductor heterostructures can promote efficient light-conversion process
due to the plasmonic effect.

Figure 2.27 (a) Schematic representation of the structures of Ag-(001)BiOCl(110)-Pd.
(b,c) TEM images of Ag-(001)BiOCl(110)-Pd.[44] (d) Schematic illustration of the
synthesis process of Au/BiOCl-OV heterostructures. (e) Back scattering SEM image
of Au/BiOCl-OV. [104]

Figure 2.28 (a) UV-vis diffuse reflectance spectra of different as-prepared samples.
(b) Steady-state transient surface photovoltage spectra of different as-prepared
samples, with the inset showing the circuit for measurement. (c) Steady-state
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photoluminescence spectra of different as-prepared samples. The inset shows the
transient photoluminescence decay.[104]

Figure 2.29 (a) Photocurrent versus time of different as-prepared samples under full
spectrum illumination. (b) Photocatalytic O2 evolution from water splitting in the
presence of different as-prepared samples.[44] (c) Mass spectra of benzyl alcohol
produced in the

18

O2 atmosphere over different as-prepared samples. (d) Relative

proportion of 18O-labelled benzyl alcohol with the increase in the loading amount of
Au in Au-BiOCl-OV.[104]
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Chapter 3
3. Experimental Procedure
3.1. Overview
The general procedure of this thesis work is demonstrated in Figure 3.1. BiOCl with
vacancies and various heterogeneous structures have been fabricated via surfactantassisted bottom-up approach. The structural properties of the as-prepared samples
were characterized by a series of techniques, such as XRD, Raman spectroscopy, SEM,
XPS, FT-IR, EPR, TEM and DFT. Their light-conversion performances were
evaluated by measuring the photocurrent response, photocatalytic dye degradation and
photocatalytic water splitting.
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Figure 3.1 The general procedure of this thesis project.

3.2. Chemicals and Materials
The chemicals and materials used in this thesis are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this thesis.
Chemicals

Formula

Purity (%)

Supplier

Acetone

(CH3)2CO

>99

Ajax Finechem

Ethanol

C2H5OH

100

Chem-Supply Pty.
Ltd.
Chem-Supply Pty.
Ethanol

C2H5OH

96
Ltd.

Cyclohexane

C6H12

>99.5

Sigma-Aldrich
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Oleic acid

C18H34O2

>90

Sigma-Aldrich

Oleylamine

C18H35NH2

>70

Aldrich

1-octadecene

C18H36

90

Aldrich

Sodium hydroxide

NaOH

>98

Sigma-Aldrich

Ammonium fluoride

NH4F

>99.99

Aldrich

Diphenyl ether

(C6H5)2O

>99

Aldrich

Zn(C5H7O2)2·5H2O

99.995

Aldrich

CH3(CH2)15OH

90

Aldrich

YCl3·6H2O

99.99

Aldrich

YbCl3·6H2O

99.99

Aldrich

TmCl3·6H2O

99.99

Aldrich

Iron(III) acetylacetonate

Fe(C5H7O2)3

>99.9

Aldrich

Bismuth(III) chloride

BiCl3

>98

Aldrich

Nitric acid

HNO3

70

Sigma-Aldrich

Bi(NO3)3·5H2O

98

Aldrich

D-mannitol

C6H14O6

>98

Sigma-Aldrich

Sodium chloride

NaCl

>99.5

Sigma-Aldrich

Polyvinylpyrrolidone

(C6H9NO)n

N/A

Sigma-Aldrich

Silver nitrate

AgNO3

99

Sigma-Aldrich

Hydrazine solution

NH2NH2

N/A

Aldrich

Methanol

CH3OH

>99.9%

Sigma-Aldrich

Zinc acetylacetonate
hydrate
1,2-hexadecanediol
Yttrium chloride
hexahydrate
Ytterbium chloride
hexahydrate
Thulium chloride
hexahydrate

Bismuth(III) nitrate
pentahydrate
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3.3. Materials Preparation
The methods used to prepare materials in this thesis mainly include surfactant-assisted
wet-chemical method and hydrothermal method.

3.3.1. Wet-chemical Method
Wet-chemical method has been widely adopted to prepare uniform and monodispersed
nanomaterials. The common solvents in the wet-chemical methods include water and
organic solvents. During the sysnthesis process, inert gas such as nitrogen and argon
was used to provide protective atmosphere to avoid oxidation as shown in Figure 3.2.
In general, the organometallic complex was firstly formed as the intermediate product
and then decomposed to produce the particles. Surfactants including oleic acid and
oleyamine were used to faciliate the synthetic process. The final products with
surfactants attached on the surface could be precipated and collected by the reagents
such as ethanol and acetone. Due to the steric hindrance effect of the surfactants, the
thus-produced products could be monodispersed in the proper solvents.
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Figure 3.2 Schematic illustration of the wet-chemical synthetic process.[1]

3.3.2. Hydrothermal Method
Hydrothermal method is a commonly synthetic method for preparation of the inorganic
materials, and is widely used in nanomaterials, biomaterials and geological materials.
In general, the hydrothermal synthetic method displays the ability to create crystalline
phases which are not stable at the melting point. Besides, the hydrothermal method
can be used to synthesize materials which have a high vapor pressure near their melting
points. The hydrothermal synthetic method is also particularly suitable for the growth
of large good-quality crystals while maintaining control over their composition.
As shown in Figure 3.3, the typical autoclave contains two stainless steel plates, the
teflon liner, teflon cap and the stainless steel autoclave. The main steps for the
hydrothermal synthetic process include preparing the water-based solution with the
reagents and then encapsulating it in the autoclave, and heating it to a certain
temperature to react. Generally, the volume of the reagent solution should be less than
2/3 of the volume of the autoclave. The autoclave can keep the pressure of the synthetic
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systems at a certain range. In this non-equilibrium synthetic system, the excellent
materials with unique outstanding properties can be fabricated.

Figure 3.3 Schematic diagram of structure for the typical autoclave.[2]

3.4. Characterization Techniques
3.4.1. XRD
XRD is a general and rapid analytical technique primarily used to identify the
composition and crystal structures of the materials via analyzing the diffraction
patterns. The analyzed sample needs to be finely grounded and uniformly mixed before
testing. The fundamental principle of XRD is demonstrated in Figure 3.4.
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Figure 3.4 Fundamental principles of XRD.[3]
X-rays are a kind of light radiation which is induced by the atomic inner electrons
under the bombardment of the high-speed electrons. Typically, the crystals can be used
as gratings for the X-rays since the wavelengths of the X-rays are comparable with the
interplanar spacings of the crystals. When the X-rays arrive at the lattice planes of the
crystal materials, interference will occur if the Bragg's law (2dsinθ = nλ) is satisfied.
Here, d refers to the lattice spacing, θ represents the angle between the incidence Xray and the lattice plane, n is any integer, and λ is the wavelength of the incident Xray. In this doctoral work, the composition and the crystal structures of the as-prepared
powders were characterized by a GBC MMA X-ray diffractometer (Scientific
Equipment LLC, Hampshire, IL, USA) in UOW. The radiation used in the XRD
measurement was Cu-Kα1 (40 kV, 25 mA, λ=0.15418 nm).

3.4.2. Raman Spectroscopy
Raman spectroscopy is a kind of spectroscopic techniques which can be used to
investigate the molecular vibration, rotation and a series of other low-frequency modes
of a material. Raman scattering is a type of the inelastic scattering, and the typical laser
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light used in the Raman scattering could be visible light, near-infrared light or the nearultraviolet light. The energy of the laser photons will be shifted down and up when the
laser light interacts with the system phonons. The information on the phonon modes,
which reflect the symmetry of molecules and chemical bonds, can be obtained by the
energy shift. In this work, the mapping mode (one spectrum per 250 seconds) was
adopted to capture the Raman spectra (Lab RAM HR, Horiba Jobin Yvon SAS) of the
samples one by one.

3.4.3. SEM
The SEM is a type of electron microscope. It can create images for the surfaces of the
materials by scanning the surfaces with a focused electron beam. The information on
the surface morphology and composition of the materials can be produced via the
interaction between the electrons and the atoms in the materials. Generally, the
electron beam scans in a raster scan pattern, and the images are generated by
combining the beam's position with the detected signal. In this work, the morphology
of the as-prepared samples was detected by a field emission scanning electron
microscope (JSM-7500FA, JEOL, Tokyo, Japan) in UOW.

3.4.4. XPS
XPS is a type of quantitative spectroscopic technique. It can be used to determine the
elemental composition, experimental formula as well as the chemical and electronic
states of the elements contained in the tested materials. XPS spectra are collected by
irradiating a sample with X-rays while simultaneously measuring the kinetic
energy and amount of escaped electrons with the depth in the range from 1 nm to
10 nm ejected from surface of the tested samples. In this work, XPS was conducted at
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the Photoelectron Spectroscopy Station (Beamline 4W9B, Tsinghua University) with
the resolution of 0.05 eV. All the XPS data were analyzed using the commercial
CasaXPS 2.3.15 software package. Before analysis, the spectra were calibrated by C
1s = 284.8 eV.

3.4.5. FT-IR
FT-IR is a spectroscopic technique which can be used to analyze the molecular
structures and chemical compositions via detecting the materials’ characteristic
absorption of infrared radiation with different wavelengths. For the molecules,
especially the organic molecules, the atoms that make up the chemical bonds or
functional groups are in the state of constant vibration. As the frequency of the
vibration is comparable to the frequency of the infrared vibration, vibration absorption
can be occurred for the chemical bonds or functional groups in the molecules when
the molecules are irradiated by the infrared light. Different chemical bonds or
functional groups present different absorption frequencies which are located at
different position in the FT-IR spectrum, hence, information on the chemical bonds or
functional groups in the molecules can be obtained. In this work, the FT-IR spectrum
was characterized by using a Shimadzu FTIR Prestige-21 in UOW with the range from
4000 cm-1 to 500 cm-1.

3.4.6. EPR
EPR is a technique which is used to detect the phenomenon of magnetic resonance.
Generally, the electrons in the molecules exist in pairs. According to the Pauli
incompatibility principle, one electron spins up and another electron spins down in
each electronic pair, thus, the magnetic moments of the two electrons offset each other.
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Only the unpaired particles present magnetic resonance. The EPR can be used in the
solid state physics to quantitatively identify the molecules with free radicals, or be
used in the crystallography to carry out the investigations on the local crystal vacancies.
In this work, the EPR was conducted using a JES-FA200 EPR Spectrometer in
Tsinghua University.

3.4.7. TEM and STEM
TEM is a microscopy technique in which the beam of accelerated and focused
electrons is transmitted through a sufficiently thin specimen to form an image. TEM
can be employed to investigate the morphology, crystal structure, and electronic
structure of a specimen. SAED is a crystallographic experimental technique that can
be used inside the TEM. As a diffraction technique, SAED can be employed to
examine

crystal

defects

and

crystal

structures.

SAED

is

distinguished

from conventional TEM in that the electron beam is focused on a size-limited spot
which scans over the sample in a raster pattern. The rastering of the beam across the
sample makes it available for various analysis techniques such as mapping by
EDS, EELS, and HAADF imaging. These signals can be obtained simultaneously,
allowing direct correlation of the image and quantitative data. In this doctoral work,
the TEM observations of the samples were carried out using a JEM-2011F (JEOL,
Tokyo, Japan) and a probe-corrected JEOL ARM200F (equipped with a cold field
emission gun, a high resolution pole-piece, and a Centurio EDS detector) at 80 kV for
upconversion nanoparticles and 200 kV for other samples in UOW.
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3.4.8. DFT
Density functional theory is a quantum mechanical modelling method used in the
investigation of the electronic structures for the multiple electronic systems. It has
wide application in physics and chemistry, especially in investigating the properties of
the molecules and condensed matt. The objective of the DFT method is the electronic
density instead of the wavefunctions, hence, it is more convenient than the classic
modelling method like the Hartree-Fock. The common application of DFT is achieved
via Kohn-Sham method. In the frame of Kohn-Sham DFT, the complicated many-body
system is simplified to a system in which the electron with no interaction with others
moves in the effective potential field. The effective potential field includes the external
potential field and the influence of Coulomb interactions between electrons. DFT is
the most versatile and popular computational method in condensed matt,
computational physics and computational chemistry.

3.5. Photocatalytic Performances
3.5.1. Photocurrent Response
Photocurrent response represents a kind of light-conversion process in which the solar
light is converted into electrical energy. The photocurrent can be tested on an
electrochemical station. In this thesis work, the photocurrent response was investigated
by a VSP-300 electrochemical analyser. A standard three-electrode set-up with a
working electrode (as-prepared materials), a platinum wire/foil as the counter
electrode, and a standard Ag/AgCl electrode as the reference electrode were adopted
to test the photocurrent response. The light with suitable wavelength was used as the
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light source. The distance between the bottom of the electrode and the light source was
about 10 cm. 0.1 M Na2SO4 was used as the electrolyte.

3.5.2. Dye Degradation
Dye degradation is a method which is used to evaluate the degradation capability of
the photocatalysts on a specific functional group. Based on the dye degradation
capability, I can assess the degradation capability of the photocatalysts towards the
pollutants with the solar light illumination. The typical dyes used in the degradation
process include methyl orange, methyl blue, rhodamine B and phenol. During the
degradation process, a certain amount of photocatalysts is added into the aqueous
solution containing the dye. After 30 min or 1 hour dark absorption, the solution is
illuminated by the xenon light. A certain volume of the suspended dye solution is
withdrawn after a certain time interval. The withdrawn suspended dye solution was
tested on a Shimadzu UV-3600 in UOW.

3.5.3. Water Splitting
Water splitting for hydrogen generation is regarded as an efficient strategy to convert
the solar energy into clean energy. Water oxidation to produce oxygen is the half
reaction of the hydrogen generation by water splitting. During the water splitting
process, sacrificial reagent was used to consume the photoexcited electrons or holes.
Xenon light with a suitable filter glass is used to provide light with certain range of
wavelengths. In this work, the oxygen evolution tests were conducted by a PGS-15
Full Spectrum Photocatalysts Performance Evaluation system in BeiHang University.
30 mg photocatalyst combined with 30 ml 0.05 mol/L AgNO3 aqueous solution was
added into the reactor which was sealed with a rubber septum and degassed by
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bubbling Ar for 30 min. The light source for the oxygen evolution reaction was a 300
W Xe lamp with suitable cut-off filter glass. The produced oxygen was detected by
using an online gas chromatograph (GC7900IJT, TECHCOMP, China) connected with
a thermal conductivity detector.

3.6. References
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Efficient Photocatalytic Properties
4.1. Introduction
Semiconductor photocatalyst represent a promising technology for addressing the
current environmental pollution and energy crisis via photodegrading toxic pollutants,
photosplitting water to produce H2 and photoreducing CO2 to generate hydrocarbon
fuels.[1] The typical photocatalytic process includes photoabsorption, photoinduced
electron-hole exciton separation and the sequential charge-carrier migration to the
catalytically reactive sites.[2-5] Thus, enormous efforts have been devoted to widening
the solar-light absorption spectrum, promoting the electron-hole exciton separation,
and boosting the migration rate to pursue high photocatalytic performance.[6,7] Recent
years, the p-block bismuth oxyhalides BiOX (X=Cl, Br, I) with their unique polar twodimensional (2D) layered crystal structure have attracted considerable attention.[8-12]
Their characteristic electronic s-p hybridization can induce highly dispersive valence
and conduction band structures, which result in small effective mass and rather high
mobility of the photoexcited charge carriers.[13] Even though the BiOX photocatalysts
possess superior properties of the charge-carrier migration, the wide band-gap and
strong excitonic effects suppress their photocatalytic efficiency. In this case, exploring
strategies to induce wide absorption of solar spectrum and promote the exciton
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dissociation process is necessary for improving the photocatalytic performance of the
BiOX photocatalysts.
Crystal defects are common in semiconductors, especially in the nanosized or
microsized semiconductor particles.[14-16] Atom vacancies, such as the oxygen vacancy
(OV) in TiO2,[17-19] the triple vacancy associates VBi'''VO●●VBi''' in ultrathin BiOCl
nanosheets[20] and the oxygen vacancy in BiOBr,[21] represent one of the most popular
crystal defects. Generally, the atomic vacancies assist the photocatalytic process via
several approaches: (i) enhancing the absorption and activation of inert gas molecules;
(ii) inhibiting the charge carrier recombination via trapping electrons or holes by the
defect states and promoting the transfer of trapped charge carriers to the adsorbates;
(iii) lowering the energy barrier for the interfacial charge transfer.[22,23] Hence, study
on defects caused by the atomic vacancies is highly desirable and essential in pursuing
excellent charge-carrier-involved photocatalysts.
In this work, I prepared large-scale BiOCl nanosheets with oxygen vacancies
(BiOCl-001-OVs) via reconstructing the small hydrophobic BiOCl nanosheets. The
oxygen vacancies can induce wide UV-visible absorption of large-scale BiOCl
nanosheets, and produce more charge carriers. Besides, the oxygen vacancies facilitate
the photoexcited charge separation through trapping the photogenerated electrons.
Benefiting from the increased density of charge carriers and excellent charge
separation properties, the large-scale defective BiOCl with oxygen vacancies
demonstrates superior photooxidized methyl orange (MO) degradation. Our study
elucidates the relationship between the atomic defects and the photocatalytic
properties, which can provide inspiration for the future material design and fabrication.
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4.2. Experimental Section
4.2.1. Materials
Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O, 99.999%), bismuth chloride
(BiCl3, 98%), sodium chloride (NaCl, 99.5%), oleic acid (OA, 90%), oleylamine (OM,
98%), iron (III) acetylacetonate (Fe(acac)3, 97%), nitric acid (HNO3, 70%), and 1octadecene (ODE, 90%) were purchased from Sigma-Aldrich. All reagents were used
as received without further purification.

4.2.2. Materials Preparation
4.2.2.1. Synthesis of BiOCl without Vacancies (BiOCl-001-N)
In the typical process,[24] 1 mmol Bi(NO3)3·5H2O and 1 mmol NaCl were added into
15 ml distilled water at room temperature under continuous magnetic stirring. The
mixed solution was stirred for 30 min, and then transferred to a 50 ml Teflon-lined
stainless steel autoclave. The autoclave was heated at 170 oC for 16 h, and then
naturally cooled to room temperature. The resulting precipitates were collected and
washed with ethanol and distilled water in turn for several times, and dried at 80 oC
for 24 h in air.
4.2.2.2. Synthesis of BiOCl with Vacancies (BiOCl-001-OVs)
The small hydrophobic BiOCl nanosheets were prepared according to the previous
reports[25] and then redispersed into 2 ml cyclohexane. The BiOCl cyclohexane
solution was added to a 100 ml beaker containing 30 ml distilled water under magnetic
stirring. The mixture was gradually heated to 80 oC to remove the cyclohexane which
has a low-boiling point, and then cooled down to room temperature. Concentrated
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nitric acid was used to adjust the pH of the mixture to 0.8. The resulting solution was
transferred to a 50 ml autoclave, and then heated to 170 oC for 16 h. The final products
were collected and washed with water several times and then dried at 80 oC in air.

4.2.3. Characterization
The X-ray diffraction (XRD) patterns of dried samples were collected on a GBC MMA
X-ray powder diffractometer with Cu-Kα1 radiation (40 kV, 25 mA, λ = 0.15418 nm)
in the 2θ range from 10o to 90o. The morphologies and structures were characterized
on a JEOL JSM-7500 scanning transition microscope (SEM) and a JEOL JEM-2010
transmission electron microscope (TEM). The high-resolution X-ray photoelectron
spectroscopy was conducted at the Photoelectron Spectroscopy Station (Beamline
4W9B). The UV-vis diffuse reflectance spectra were recorded by Shimadzu UV-3600.
The electron paramagnetic resonance (EPR) spectra were collected and the reactive
species were detected by JES-FA200 ESR Spectrometer. The photoluminescence (PL)
spectra were characterized by Horiba Fluoromax-4 spectrofluorometer.
The

photoelectrochemical

characterization

is

conducted

by

VSP-300

electrochemical analyser using the standard three-electrode set-up with a working
electrode (as-prepared samples), a platinum foil as the counter electrode and a standard
Ag/AgCl electrode as the reference electrode. The 0.5 M Na2SO4 solution was selected
as the electrolyte solution. The 300 W Xe lamp with the distance of 10 cm to the
working electrode was utilized as the full-spectrum light source in the photocurrenttime response studies. The fixed frequency for Mott-Schottky measurements was 1
kHz. The frequency range for the potentiostatic electrochemical impedance (PEIS) test
was from 10Hz to 200 kHz.
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In the photodegradation experiments, 5 mg photocatalyst was added into 5 ml 10
mg/L MO aqueous solution in a 20 ml glass vial surrounded by cooling water. The
light source was the 300 W Xe lamp and the filter glass was used to obtain the visible
light (λ > 420 nm). After 1 h dark absorption, 1.5 ml solution was withdrawn for UVvis testing at defined time interval under the light illumination and then put back in the
vial.

4.3. Results and Discussion
The two kinds of BiOCl-related particles were prepared via the hydrothermal method.
The morphology and structural characterizations for the typical BiOCl nanoplates are
displayed in Figure 4.1a-c, and the morphology and structure characterizations for the
particles reconstructed from the small BiOCl nanosheets are presented in Figure 4.1df. The scanning electron microscope (SEM) images in Figure 4.1a and d indicate that
the two different kinds of particles both possess the morphology of square-like
nanoplates with the sizes of several micrometers. The transmission electron
microscopy (TEM) was used to acquire the detailed structural information of the
particles. As shown in the high-resolution TEM images in Figure 1b and e, the lattice
fringes with the lattice spacing of 0.275 and 0.384 nm correspond to the (110) and
(100) atomic planes of BiOCl, respectively. The corresponding selected-area electron
diffraction (SAED) patterns in Figure 4.1c and f indicate the single-crystalline nature
of the as-prepared nanoplates. The angle between two series of adjacent spots labelled
in the SAED pattern for the two different particles is 45o, which is in agreement with
the theoretical values of the angle between (200) and (110) planes and the angle
between (100) and (110) planes. Hence, the two sets of diffraction patterns in Figure
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4.1c and f can be indexed to the [001] zone axis, revealing that exposed facets of the
two different nanoplates are (001) facet. The schematic illustration of the crystal
orientation for the two particles has been demonstrated in Figure 4.1g. The X-ray
diffraction patterns for the as-prepared particles are shown in Figure 4.1h. It is clear
that the positions of the diffraction peaks for the two different materials are similar and
can be indexed to the tetragonal phase of BiOCl. Thus, the as-synthesized particles
reconstructed by the small BiOCl nanosheets are BiOCl. In this work, the typical
BiOCl nanoplate is denoted as BiOCl-001-N and the reconstructed BiOCl nanoplate
is denoted as BiOCl-001-OVs.

Figure 4.1 Structural characterizations of the as-prepared powders. The SEM images
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of BiOCl-001-N (a) and BiOCl-001-OVs (d). The high-resolution TEM images of
BiOCl-001-N (b) and BiOCl-001-OVs (e). The insets show the corresponding typical
TEM images of the as-prepared samples. The SAED patterns of BiOCl-001-N (c) and
BiOCl-001-OVs (f). (g) Schematic illustration of the crystal orientation of the asprepared samples. (h) XRD pattern of the as-prepared powders.
The UV-Vis diffuse reflectance spectra in Figure 4.2a show that the absorption band
edge of BiOCl-001-N and BiOCl-001-OVs is about 370 nm, which corresponds to the
band gap of about 3.35 eV. Compared with BiOCl-001-N, BiOCl-001-OVs presents
an additional continuous and exponentially decaying absorption tail extended to 600
nm, which is also reflected by the colors of BiOCl-001-N and BiOCl-001-OVs in the
insets. This absorption tail can be ascribed to the defect states induced by the oxygen
vacancies.[23,26] The X-ray photoelectron spectroscopy (XPS) is generally used to
analyse the surface states of the materials. For BiOCl-001-OVs, there are two
additional peaks centred at 163.38 and 157.97 eV appeared in the high-resolution corelevel XPS spectra of Bi 4f, indicating that the oxygen vacancies exist in the materials
and the OV-connected Bi atoms have been partially reduced.[23] Compared with
BiOCl-001-N, the Raman spectrum of BiOCl-001-OVs in Figure 4.2c displays two
new bands at 69 cm-1 and 98-1, which are assigned to the Eg and A1g vibration modes
of Bi.[27] It is proposed that small amount of reduced Bi exists in BiOCl-001-OVs. To
further confirm that the Bi-connected oxygen is partially vacant in BiOCl-001-OVs,
measurement by electronic paramagnetic resonance (EPR) spectroscopy was
conducted.[21,23] The BiOCl-001-OVs possesses an obvious signal at g=2.007, which
typically originates from the oxygen vacancies. In contrast, the BiOCl-001-N displays
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no detectable signals in the EPR spectrum. Thus, it is confirmed that the large-scale
BiOCl-001-OVs with oxygen vacancies have been prepared.

Figure 4.2 The characterization of oxygen vacancies. (a) The UV-visible absorption
spectra of BiOCl-001-N and BiOCl-001-OVs. (b) The high-resolution XPS core level
spectra of Bi 4f for BiOCl-001-N and BiOCl-001-OVs. (c) The Raman spectra of
BiOCl-001-N and BiOCl-001-OVs. (d) The EPR spectra of BiOCl-001-N and BiOCl001-OVs.
The transient photoresponse of the photocatalysts can be used to analyse the
dynamic properties of the photogenerated carriers under the illumination. Generally,
the following exponential functions (4.1) and (4.2) can be used to describe the rise and
decay processes of the photocurrent, respectively.[28]
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Here, I is the current density; A and B are the constants; τγ and τd are the relaxation
time constants of the rise and decay process, respectively; γ is used to describe the
stretching property of the single-exponential functions, and its value is in the range of
0 to 1. For BiOCl-001-N and BiOCl-001-OVs, the fitted value of γ in the rise process
is 1, revealing that the separation of the photoinduced electron-hole pairs is the
dominant factor in the generation of the photocurrent for these two materials. For the
decay process, two single-exponential decay components are necessary to describe the
photocurrent decay, which suggests that multiple photorelaxation processes occur
during the decay process. Here, the fitted values of γ for the two decay processes of
the two materials are smaller than 1, indicating that the stretched exponential functions
are used in describe the processes. The two decay processes include a fast one and a
slow one. It is well documented that the fast decay process is dominated by the
photoexcited electron-hole recombination. The slow process is caused by the local
potential fluctuations which can trap and spatially separate the photoexcited carriers,
and thus suppress the electron-hole recombination. The fitted relaxation times for
BiOCl-001-N and BiOCl-001-OVs in the fast decay process (Figure 4.3a and b) are
comparable, which are 0.03 s and 0.03 s, respectively. The relaxation time in the slow
decay process is determined to be 0.53 s for BiOCl-001-N and 0.71 s for BiOCl-001OVs. This demonstrates that the trapping and spatial separation of the photogenerated
carriers play an important role in the decay process of BiOCl-001-OVs. As a result,
the charge separation of BiOCl-001-OVs is much better than BiOCl-001-N in the slow
decay process. Due to the combined effects of the photoexcited electron-hole
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separation, the carrier trapping and the spatially separation, the BiOCl-001-OV is
proposed to possess excellent charge separation properties throughout the whole decay
process.
Superoxide radicals (•O2-) and hydroxyl radicals (•OH) are some of the most
important active oxygen species which involve in the photocatalytic process.
Generally, the electron spin resonance (ESR) spectroscopy was used to quantitatively
analyse the active oxygen species.[29] Typically, the •O2- is derived from the O2
reduction by electrons, and it can be detected by probing the 5,5-dimethyl-pyrroline
N-oxide (DMPO)-•O2- complex in the methanol medium.[30] The •OH is originated
from the OH-/H2O oxidation in water by holes, and it can be detected by probing the
DMPO-•OH in the water medium.[31] Under the illumination of full spectrum, the ESR
signals ascribed to DMPO-•O2- and DMPO-•OH have been observed over BiOCl-001N and BiOCl-001-OVs (Figure 4.3c and e), suggesting that both the electrons and
holes have been generated. Compared with BiOCl-001-N, the ESR signals for DMPO•O2- and DMPO-•OH are stronger over BiOCl-001-OVs. As the square of the intensity
of the ESR signals is approximately proportional to the amount of free radicals, the
amount of the photogenerated electrons and holes in BiOCl-001-OVs is expected to
be larger than BiOCl-001-N.[32] Figure 4.3d and f demonstrates that there are no ESR
signals of DMPO-•O2- and DMPO-•OH for BiOCl-001-N under visible light. It
indicates that there is no visible-light activity of BiOCl-001-N, which is in accordance
with its absorption properties. In contrast, four-line ESR signals with the relative
intensities of about 1:2:2:1 originated from DMPO-•OH are observed. Intriguingly, no
obvious ESR signals that could be ascribed to DMPO-•O2- have been detected. Since
the absorption of the visible light for BiOCl-001-OVs is induced by the oxygen
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vacancies, it is proposed that the oxygen vacancies can consume or trap the electrons
with the holes left behind.

Figure 4.3 (a) Acquiring rise and decay time of BiOCl-001-N by fitting the on/off
photocurrent curve. (b) Acquiring rise and decay time of BiOCl-001-OVs by fitting
the on/off photocurrent curve. (c), (d) ESR signals for DMPO-•O2- over BiOCl-001-N
and BiOCl-001-Ovs under full spectrum and visible light (λ > 420 nm) illumination,
respectively, for 4 min. (e), (f) ESR signals for DMPO-•OH- over BiOCl-001-N and
BiOCl-001-Ovs under full spectrum and visible light (λ > 420 nm) illumination,
respectively, for 4 min.
The room-temperature steady-state photoluminescence (PL) spectroscopy was
utilized to investigate the influence of the oxygen vacancies on the charge-carrier
behaviour. Figure 4.4a displays that under the excitation of 480 nm laser, the BiOCl001-OVs possess a broad and intense PL peak centred at 570 nm. This low-energy
transmission peak arises from the recombination between the electrons trapped by the
oxygen-vacancy induced defect states and the holes in the valence band.[23,33] In
comparison, no obvious emission peak is observed over BiOCl-001-N as it cannot be
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excited by the visible light. The PL emission further proves that the BiOCl-001-OVs
can be excited by the visible light to produce charge carriers. The potentiostatic
electrochemical impedance spectra (PEIS) in the dark and under the illumination were
employed to investigate the effect of the oxygen vacancies on the conductivity of the
materials.[34] Figure 4.4b shows that the impedance of BiOCl-001-OVs is smaller than
that of BiOCl-001-N in the dark. Besides, with the light irradiation, the impedance of
BiOCl-001-OVs is reduced more than that of the BiOCl-001-N. It indicates that the
BiOCl-001-OVs with oxygen vacancies possess better conductivity, and the large
amount of the photoexcited carriers facilitates the improvement of the conductivity.
As the better conductivity is beneficial for the charge transportation to the surface
reaction sites, BiOCl-001-OVs is proposed to have excellent charge transportation
properties and the resulted superior photocatalytic properties. To further confirm this,
the transient photocurrent responses of the two types of as-prepared particles were
examined. Under the illumination of full spectrum, both the BiOCl-001-N and BiOCl001-OVs electrodes can promptly generate the reproducible photocurrent in each light
on/off cycle (Figure 4.4c). The photocurrent density of BiOCl-001-OVs is about -0.35
μA/cm2 which is nearly 2 times larger than that of BiOCl-001-N. As BiOCl-001-N
cannot be excited by the visible light with the wavelength larger than 420 nm, almost
negligible photocurrent is observed over BiOCl-001-N under the visible light
illumination (Figure 4.4d). In contrast, a photocurrent density of about -0.05 μA/cm2
is observed over BiOCl-001-OVs in the same process. These photocurrent responses
reveal that BiOCl-001-OVs with oxygen vacancies can generate more charge carriers,
and have better charge transfer properties.
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To explore whether the more photoinduced charge carriers, the better charge
separation and transfer properties can contribute to the improved photocatalytic
process, the photooxidation reaction was examined. Methyl orange (MO) is a typical
indicator of the photooxidation reaction, and its degradation process can consume the
photoinduced holes. As seen in Figure 4.4e, nearly 100% of the MO aqueous solution
was degraded over BiOCl-001-OVs in 80 min under the irradiation of simulated solar
spectrum, while only 40% of the MO aqueous solution was degraded over BiOCl-001N in the same period. Figure 4.4f shows that the degradation rate of MO in the presence
of BiOCl-001-OVs reaches 35% in 80 min under visible light (λ > 420 nm)
illumination. For the same photocatalytic process, almost no MO is degraded by
BiOCl-001-N as it cannot be excited by the visible light. The visible light-driven
photocatalytic MO degradation over BiOCl-001-OVs verifies that the oxygen
vacancy-mediated generation of the photoinduced carriers can be utilized by the
photocatalytic reaction. In addition, the superior photo-oxidation properties of BiOCl001-OVs are originated from its excellent charge separation and transportation
properties which are caused by the trapping states induced by the oxygen vacancies.
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Figure 4.4 (a) Room-temperature steady-state PL spectra of the as-prepared BiOCl001-N and BiOCl-001-OVs. (b) The potentio electrochemical impedance spectra of
BiOCl-001-N and BiOCl-001-Ovs measured at 0 V versus Ag/AgCl electrode under
dark and full spectrum irradiation conditions. (c), (d) Photocurrent density of BiOCl001-N and BiOCl-001-Ovs under the irradiation of full spectrum and visible light (λ >
420 nm), respectively. (e), (f) Variation of methyl orange concentrations as a function
of irradiation time over BiOCl-001-N and BiOCl-001-Ovs under the illumination of
full spectrum and visible light (λ > 420 nm), respectively.

4.4. Conclusion
In conclusion, large-scale BiOCl-001-OVs nanosheets with oxygen vacancies have
been prepared via reconstructing the small hydrophobic BiOCl nanosheets. The UVVis absorption spectrum suggests that BiOCl-001-OVs can utilize the visible light via
the defect states induced by the oxygen vacancies. Analysis of the dynamic properties
of the photoresponse, the reactive species proves that the oxygen vacancies can
facilitate the dissociation of photogenerated exciton via trapping the electrons.
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Measurements on the PL emission, PEIS spectra and photocurrent density indicate that
the oxygen vacancies can promote the generation and transportation of the charge
carriers. Benefiting from the improved exciton generation, dissociation and
transportation, the defective BiOCl-001-OVs exhibit excellent performance in the
photooxidation reactions. This work demonstrates the importance of vacancies on
pursuing the efficient photocatalysts.

4.5. References
[1]

P. V. Kamat, Chem. Rev. 1993, 93, 267.

[2]

S. Bai, J. Jiang, Q. Zhang, Y. Xiong, Chem. Soc. Rev. 2015, 44, 2893.

[3]

A. L. Linsebigler, G. Lu, J. T. Yates, Chem. Rev. 1995, 95, 735.

[4]

H. Wang, L. Zhang, Z. Chen, J. Hu, S. Li, Z. Wang, J. Liu, X. Wang, Chem.
Soc. Rev. 2014, 43, 5234.

[5]

Y. Qu, X. Duan, Chem. Soc. Rev. 2013, 42, 2568.

[6]

Y. Tang, W. Di, X. Zhai, R. Yang, W. Qin, ACS Catal. 2013, 3, 405.

[7]

J. Li, L. Cai, J. Shang, Y. Yu, L. Zhang, Adv. Mater. 2016, 28, 4059.

[8]

H. Cheng, B. Huang, Y. Dai, Nanoscale 2014, 6, 2009.

[9]

J. Li, Y. Yu, L. Zhang, Nanoscale 2014, 6, 8473.

[10]

L. Ye, Y. Su, X. Jin, H. Xie, C. Zhang, Environ. Sci.: Nano 2014, 1, 90.

[11]

H. Zhang, L. Liu, Z. Zhou, Phys. Chem. Chem. Phys. 2012, 14, 1286.

[12]

H. Zhang, L. Liu, Z. Zhou, RSC Adv. 2012, 2, 9224.

[13]

H. Feng, Z. Xu, L. Wang, Y. Yu, D. Mitchell, D. Cui, X. Xu, J. Shi, T.
Sannomiya, Y. Du, W. Hao, S. X. Dou, ACS Appl. Mater. Interfaces 2015, 7,
27592.

Chapter 4: Promoted Exciton Dissociation via Oxygen-vacancy-mediated electron
trapping in large-scale BiOCl for boosting efficient photocatalytic properties
77
[14]

X. Pan, M.-Q. Yang, X. Fu, N. Zhang, Y.-J. Xu, Nanoscale 2013, 5, 3601.

[15]

F. Lei, Y. Sun, K. Liu, S. Gao, L. Liang, B. Pan, Y. Xie, J. Am. Chem. Soc.
2014, 136, 6826.

[16]

P. Sebastian, S. Jennifer, I. Vladislav, v. d. B. M. W. E., H. Olaf, M. Martin,
D. Matthias, Angew. Chem. Int. Ed. 2006, 45, 2965.

[17]

U. Aschauer, J. Chen, A. Selloni, Phys. Chem. Chem. Phys. 2010, 12, 12956.

[18]

J. Lee, D. C. Sorescu, X. Deng, J. Am. Chem. Soc. 2011, 133, 10066.

[19]

L. Liu, C. Zhao, Y. Li, J. Phys. Chem. C 2012, 116, 7904.

[20]

M. Guan, C. Xiao, J. Zhang, S. Fan, R. An, Q. Cheng, J. Xie, M. Zhou, B. Ye,
Y. Xie, J. Am. Chem. Soc. 2013, 135, 10411.

[21]

D. Cui, L. Wang, K. Xu, L. Ren, L. Wang, Y. Yu, Y. Du, W. Hao, J. Mater.
Chem. A 2018, 6, 2193.

[22]

N. Tian, Z.-Y. Zhou, S.-G. Sun, Y. Ding, Z. L. Wang, Science 2007, 316, 732.

[23]

H. Li, J. Shang, Z. Ai, L. Zhang, J. Am. Chem. Soc. 2015, 137, 6393.

[24]

J. Jiang, K. Zhao, X. Xiao, L. Zhang, J. Am. Chem. Soc. 2012, 134, 4473.

[25]

Y. Wu, B. Yuan, M. Li, W.-H. Zhang, Y. Liu, C. Li, Chem. Sci. 2015, 6, 1873.

[26]

J. Xu, Y. Teng, F. Teng, Sci. Rep. 2016, 6, 32457.

[27]

L. Zhang, W. Wang, D. Jiang, E. Gao, S. Sun, Nano Res. 2015, 8, 821.

[28]

F. Haifeng, Z. Jincheng, D. S. Ashley, W. Liang, X. Zhongfei, X. Xun, M.
David, Z. Tian, L. Songlin, H. Michael, R. Long, S. Ziqi, D. Shi Xue, D. Yi,
H. Weichang, 2D Materials 2017, 4, 025102.

[29]

H. Huang, X. Li, J. Wang, F. Dong, P. K. Chu, T. Zhang, Y. Zhang, ACS Catal.
2015, 5, 4094.

Chapter 4: Promoted Exciton Dissociation via Oxygen-vacancy-mediated electron
trapping in large-scale BiOCl for boosting efficient photocatalytic properties
78
[30]

S. Weng, Z. Pei, Z. Zheng, J. Hu, P. Liu, ACS Appl. Mater. Interfaces 2013, 5,
12380.

[31]

W. Shengyao, D. Xing, Z. Xuehao, P. Hong, H. Xiao, Z. Guangming, Z. Wei,
S. Hui, Z. Lizhi, C. Hao, Y. Jinhua, Adv. Funct. Mater. 2017, 27, 1703923.

[32]

Y. Li, S. Ouyang, H. Xu, X. Wang, Y. Bi, Y. Zhang, J. Ye, J. Am. Chem. Soc.
2016, 138, 13289.

[33]

H. Wang, D. Yong, S. Chen, S. Jiang, X. Zhang, W. Shao, Q. Zhang, W. Yan,
B. Pan, Y. Xie, J. Am. Chem. Soc. 2018, 140, 1760.

[34]

X. Wu, Y. H. Ng, L. Wang, Y. Du, S. X. Dou, R. Amal, J. Scott, J.Mater.
Chem. A 2017, 5, 8117.

Chapter 5: Modulation of Photocatalytic Properties by Facets-dependent Synergy
Effect between Metal and BiOCl
79

Chapter 5
5. Modulation of Photocatalytic Properties
by Facet-dependent Synergy Effect between
Metal and BiOCl
5.1. Introduction
Solar energy represents a typical source of inexhaustible green energy, and has been
widely studied recent years.[1] Photocatalysis is a promising technology which can
efficiently utilize solar energy in the photocatalytic process to solve the global
pollution and energy shortage problems via degrading the pollutants and storing the
solar energy in the energy of chemical bonds.[2] In general, the photocatalytic process
includes the photoreduction and photooxidation half-reactions.[3] The capabilities of
the half-reactions are decided by the relative positions of the redox potentials and the
corresponding conduction band (CB)/valence band (VB) edges. Only when the CB
edge is more negative than the potential of the photoreduction reaction, or the VB edge
is more positive than the potential of the photooxidation reaction, can the
photocatalytic half reactions take place.[2,3] Thus, the wide-bandgap photocatalysts are
proposed to display superior catalytic activities compared to the narrow-bandgap
photocatalysts. It is the characteristic of the wide-bandgap, however, that the photoabsorption of the photocatalysts is limited to the ultraviolet (UV) region, which
represents only 5% of the solar spectrum.[4] As a result, the efficiency of the solar
energy utilization for the wide-bandgap photocatalysts is poor. It is difficult for the
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single-component photocatalytic system to satisfy the requirements of excellent
catalytic activities and high solar energy utilization.
Noble metals are of particular interest in photocatalysis due to their characteristic
surface plasmon resonance (SPR) effect.[5] In general, when the frequency of the
incident photons matches with the harmonic oscillating frequency of the surface free
electrons in the noble metals, the oscillation of these free electrons can be in resonance
with the incident light.[6] In this way, the noble metals essentially act to route the
incident light to desired locations or convert the light into localized electric fields
which can interact with the connected semiconductors.[7-13] Surface free electrons in
noble metals with different composition, shape and size are capable to be resonant with
incident photons of different frequencies.[14-17] Thus, by manipulating the noble metals,
different wavelengths of solar energy can be routed or converted through SPR, which
can improve the utilization of solar energy. Due to the flexible regulation of the solar
energy utilization through noble metals, constructing the heterogeneous photocatalytic
system with noble metals and semiconductors has emerged as a promising approach
for designing efficient photocatalysts. Currently, many excellent works have been
done on the SPR enhanced photocatalyst.[18-24] Unfortunately, the investigation on the
synergies between the different facets of semiconductor photocatalysts and the SPR in
the noble metals is scarce.
As is known, different facets of semiconductor photocatalysts possess different
atomic arrangement and different photocatalytic activities.[25] Constructing the
photocatalytic system via combining the advantages of the highly photoactive facets
of the photocatalysts and the SPR of the noble metals is a promising approach for
achieving highly efficient photocatalytic properties. As a proof-of-concept
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demonstration, a sample combining BiOCl with Ag, the BiOCl-Ag-E with Ag loaded
on the edge side, has been designed. In this photocatalytic model, the silver sphere
with the size of about 74 nm serves as the reservoir for the photoexcited carriers via
the photoinduced resonance electric field.[26] It can pump the highly active (001) facets
of BiOCl via the internal electric field between two different facets. Benefiting from
the high photocatalytic activities of (001) facet of BiOCl and the enhanced solar energy
utilization assisted by the plasmonic resonance in Ag, BiOCl-Ag-E demonstrates
outstanding photocatalytic performance. For comparison, the BiOCl-Ag-S with Ag
loaded on the surface of BiOCl and the pure BiOCl were also prepared. The design in
our study offers a new strategy for constructing photocatalytic systems with enhanced
photocatalytic properties.

5.2. Experimental Section
5.2.1. Materials
Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O, 99.999%), sodium chloride
(NaCl, 99.5%), silver nitrate (AgNO3, 99.0%), polyvinylpyrrolidone (PVP, Mw ≈
40,000) and hydrazine hydrate (NH2NH2·H2O, 50-60%) were purchased from SigmaAldrich. Ethanol (C2H5OH, 100%) was purchased from Chem-Supply Pty. Ltd. All
reagents were used as received without further purification.

5.2.2. Materials Preparation
5.2.2.1. Synthesis of BiOCl
For the synthesis of pure BiOCl nanoplates,[27] 0.486 g Bi(NO3)3·5H2O and 0.058 g
NaCl were dissolved into 15 ml distilled water with vigorous stirring. After 30 min,
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the mixture was transferred to a 50 ml Teflon-lined stainless autoclave which was
heated at 170 oC for 16 h, and then naturally cooled to room temperature. The resulting
products were collected by centrifugation and then washed with ethanol and distilled
water several times. The final products were dried at 80 oC for 24 h in air.
5.2.2.2. Synthesis of Ag Nanosphere
In the typical synthesis, 100 mg AgNO3 were dissolved in 2 ml 10 mg/ml PVP in a 20
ml-glass vial. After magnetic stirring for 5 min, 2 μl hydrazine hydrate solution was
slowly added into the above mixture. The reaction was allowed to proceed at room
temperature for 2min. The final products were separated from solution via
centrifugation, and then washed with ethanol (100%) several times. The as-prepared
Ag nanospheres were redispersed in 2 ml ethanol (100%) and the sizes were selected
by centrifugation at the rotating rate of 3100 revs/min for 2 min.
5.2.2.3. Synthesis of BiOCl-Ag
In the typical procedure,[3] 10 mg BiOCl nanoplates were dispersed via sonication in a
100 ml beaker containing 40 ml ethanol. Then 0.5 ml 5 mg/ml Ag was added into the
above dispersion. After sonication for 5 min, the mixture was transferred to a 50 ml
Teflon-lined stainless autoclave which was heated at 100 oC for 1 h and then cooled to
the room temperature naturally. The resulting product was collected by centrifugation
and then washed with ethanol several times, and dried at 60 oC for 24 h. The final
powder was denoted as BiOCl-Ag-S. In addition, the product obtained with 36 ml
ethanol and 4 ml distilled water as the dispersion solvent in the first step was denoted
as BiOCl-Ag-E.
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5.2.3. Characterization
The X-ray diffraction (XRD) pattern of the as-prepared powders were recorded on a
GBC MMA X-ray powder diffractometer with Cu-Kα1 radiation (40 kV, 25 mA, λ=
0.15418 nm) in the 2θ range from 10o to 80o. The scanning electron microscopy images
were obtained by using JEOL JSM-7500 instrument. The typical transmission electron
microscope (TEM) images, the high-resolution TEM images and the selected area
diffraction (SAED) patterns were taken on JEOL JEM-2010 under the voltage of 200
kV. The electron energy loss spectroscopy (EELS) and the EELS mapping image were
conducted by JEOL ARM-200F. The Raman spectra and the mapping images for the
specific mode were obtained by the Nanofinder system. The UV-vis diffuse reflectance
spectra were recorded by Shimadzu UV-3600. The theoretical absorption spectra and
the electric field distribution were simulated by the finite difference time domain
(FDTD) method which is carried out by Lumerical FDTD solutions. In the simulation
process, the light source with the wavelength of 450 nm was used to shine the Ag
sphere vertically, the diameter of Ag is set to be 75 nm, the refractive index of Ag is
about 0.15016, and the extinction coefficient of Ag is about 3.4727. The highresolution x-ray photoelectron spectroscopy spectrum was operated at the
Photoelectron Spectroscopy Station (Beamline 4W9B). The detection of the active
oxygen species were conducted by the JES-FA200 ESR Spectrometer.
The photoelectrochemical characterization was carried out on VSP-300
electrochemical analyser. The standard three-electrode set-up with a platinum foil as
the counter electrode, a working electrode (the as-synthesized powders), and a
standard Ag/AgCl reference electrode was used. The electrolyte solution is 0.5 M
Na2SO4. In the investigation of the photocurrent-time response, the 300 W Xe lamp
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with the distance of 10 cm to the working electrode was adopted as the light source.
The fixed frequency for Mott-Schottky measurements was 1 kHz.
Methyl blue (MB) was selected as the typical dye to study the photoreduction
properties. During the experiments, 5 mg photocatalyst was dispersed into 5 ml MB
aqueous solution with the concentration of 10 mg/ml. in a 20 ml glass vial surrounded
by cooling water. The light source is the 300 W Xe lamp and the filter glass was used
to obtain the visible light (λ > 420 nm). After 1 h dark absorption, 1.5 ml solution was
withdrawn for UV-vis test in the defined time interval under the illumination of the
light and then put back in the vial.

5.3. Results and Discussion
Figure 5.1a and b show the synthetic routes of BiOCl-Ag-S and BiOCl-Ag-E with the
as-prepared BiOCl nanoplates and Ag nanospheres as the precursors. It is obvious that
the Ag spheres are mainly loaded on the surface of the BiOCl nanoplates for BiOClAg-S with pure ethanol as the solvent in the hydrothermal reaction. In contrast, with
10% distilled water added into the pure ethanol, the Ag sphere is mainly loaded on the
edges of the BiOCl nanoplates (BiOCl-Ag-E). The characterized peaks in the XRD
pattern (Figure 5.1c) demonstrate that the as-prepared BiOCl-Ag-S and BiOCl-Ag-E
powders both contain the BiOCl and Ag phases. To further study the influence of the
introduction of water on the synthesis process of BiOCl-Ag, the XPS spectra for the
three materials were collected (Figure 5.1d-e). The binding energies of the Cl 2p peaks
in the pure BiOCl are located at 199.68 eV and 198.07 eV. For the BiOCl-Ag systems,
however, the downshifts of the bonding energies for the Cl 2p peaks are observed. It
proves the generation of the interactions between Ag and Cl when Ag is loaded on
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BiOCl. As the electropositivity of Ag is smaller, its electron screening effect is weaker
than the Bi element.[28] Hence, when the Cl element is connected with Ag, the binding
energies of the Cl 2p peaks can be downshifted. Interestingly, the downshifted binding
energies of Cl 2p peaks for the two BiOCl-Ag systems are different. The values for
BiOCl-Ag-S are about 0.15 eV and 0.13 eV and those for BiOCl-Ag-E are about 0.18
and 0.18 eV. It suggests that the interaction between Ag and Cl in BiOCl-Ag-S and
BiOCl-Ag-E is different, and the perturbation of water in the synthetic process can
lead to stronger interaction between Ag and Cl. In general, for BiOCl with (001) facet
exposed, the surface is mainly composed of the Cl atoms, and the edge side is mainly
composed of the layered [Bi2O2]+ slab and the Cl atoms.[29] The O atom can physical
absorb the water as convinced by the XPS spectrum of O 1s peaks sited at 531.20 eV
in BiOCl-Ag-E, which induces the dissociation of Cl in the edge side and facilitates
the generation of Ag-Cl bonding. Due to the Ag-Cl bonding, the energy barrier in
BiOCl-Ag-Cl for the electron pumping through the resonance electric field is proposed
to be smaller.
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Figure 5.1 Schematic illustration of the preparation process and the corresponding
SEM images of BiOCl-Ag-S with Ag loaded on the surface of BiOCl (a) and BiOClAg-E with Ag loaded on the edge of BiOCl (b). (c) The XRD patterns of the asprepared BiOCl-Ag-S, BiOCl-Ag-E, BiOCl and Ag powders. High-resolution corelevel XPS spectra of Cl 2p (d) and O 1s (e) for BiOCl, BiOCl-Ag-S, BiOCl-Ag-E.
Figure 5.2a and b show the structural characterization of the BiOCl substrate used
in this work. From the side view, it can be observed that BiOCl possesses layered
structure with the plane spacing of 0. 74 nm which can be indexed to the (001) plane.
From the top view, the lattice fringes in the high-resolution transmission electron
microscopy (TEM) are about 0.28 nm which are assigned to the (110) atomic planes.
The sets of the diffraction spots in the selected-area electron diffraction (SAED) in the
insets of Figure 5.2b can be indexed to the [001] zone of the tetragonal BiOCl. It shows
the (200) and (110) planes with an interfacial angle of about 45o which is in agreement
with the theoretical value. Thus, the photocatalytic BiOCl substrate is characterized by
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(001) facet exposed with layered structure in the edge side. Low-resolution TEM was
used to further confirm the morphology and structure of BiOCl-Ag-S and BiOCl-E in
Figure 5.1a and b. It is proved that Ag is loaded on the (001) surface of BiOCl in
BiOCl-Ag-S, and is loaded on the edge side of BiOCl in BiOCl-Ag-E.

Figure 5.2 High-resolution TEM images of BiOCl from the side view (a) and the top
view (b). The schematic crystal structure and the typical low-resolution TEM images
of BiOCl is inserted in (a). The selected area electron diffraction pattern of BiOCl is
inserted in (b). (c) The typical low-resolution TEM image of BiOCl-Ag-S from the top
view. (d) The typical low-resolution TEM image of BiOCl-Ag-E from the top view.
The insets in (c) and (d) show the corresponding placement of Ag atoms.
The UV-Vis diffuse reflectance spectroscopy was used to detect whether there are
SPR in the BiOCl-Ag systems under the illumination of light. As shown in Figure 5.3a,
the pure BiOCl substrate demonstrates an absorption edge at about 370 nm which
corresponds to the optical band gap of about 3.3 eV which is characteristic of BiOCl.

Chapter 5: Modulation of Photocatalytic Properties by Facets-dependent Synergy
Effect between Metal and BiOCl
88
In contrast, both BiOCl-Ag-S and BiOCl-Ag-E exhibit a featured absorption edge at
about 370 nm and a broad absorption band centred at around 450 nm. The peak of the
broad absorption band is in accordance with the SPR peak of Ag nanospheres with the
diameter of about 74 nm in the ethanol solution (Figure 5.4). Hence, BiOCl-Ag-S and
BiOCl-Ag-E show the SPR effect with the incident light of about 450 nm. The peaks
of the theoretical extinction spectra for the single or double Ag nanospheres (Figure
5.3b) with the diameter of about 74 nm are about 407 and 404 nm, respectively, which
are included in the SPR absorption bands of BiOCl-Ag-E and BiOCl-Ag-S. It further
confirms that the SPR effect exists in BiOCl-Ag-E and BiOCl-Ag-S. Electron energy
loss spectroscopy (EELS) was used to investigate the SPR under the electron beam.
For comparison, an area with Ag loaded both on the edge and the side (Figure 5.2c
top) was selected to carry out the EELS measurement. The EELS spectrum (Figure
5.2c bottom) clearly shows the plasmon peak of Ag with the energy loss of about 3.4
eV. This energy loss is captured by the free electron in Ag and then induces the
excitation from Fermi level to the plasmon state. Thus, for the Ag nanosphere used in
this work, the energy difference between the Fermi level and the plasmon state is about
3.4 eV. Combining the relative energy positions of Fermi level of Ag and the valence
and conduction bands of BiOCl, the hot electrons stored in the resonance electric field
of Ag can be injected into BiOCl. The distribution of the electric field intensity for the
plasmon peak under the electron beam was visualized by carrying out the EELS
mapping experiment (Figure 5.3d top). For clarity, the profile for the electric field
intensity along the line marked in Figure 5.3d top is demonstrated in Figure 5.3d
bottom. It is obvious that the intensity of the electric field for the Ag nanospheres
loaded on the edge side is stronger than those loaded on the surface, indicating that the
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capacity of the hot electron storage via the resonance electric field for BiOCl-Ag-E is
higher than that for BiOCl-Ag-S. Thus, the pumping ability for the photoactive sites
in BiOCl is stronger in BiOCl-Ag-E. Raman spectroscopy and Raman mapping were
adopted to provide further evidence of the SPR effect. Typically, the resonance electric
field supported by the noble metals can help to enhance the Raman signals.[30] As
shown in Figure 5.3e, compared with the pure BiOCl, the Raman modes centred at 61,
144 and 199 cm-1 for BiOCl-Ag systems are enhanced. Taking the Raman modes
centred at 144 cm-1 as the example for the Raman mapping test, it can be observed that
the BiOCl-Ag-E with Ag mainly loaded on the edge side demonstrates obvious
enhanced Raman signal at the edge side (Figure 5.3f). It further proves the SPR effect
in the BiOCl-Ag systems.

Figure 5.3 (a) UV-visible absorption spectra of BiOCl, BiOCl-Ag-S, BiOCl-Ag-E and
Ag. (b) The FDTD simulated absorption spectra of single Ag sphere with the size of
about 74 nm and the corresponding Ag dimer spheres. The insets show the simulated
electric field density distribution of the Ag and its dimer with the exciting wavlength
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of about 450 nm. (c) The Annular dark-field (ADF) image (top) and the corresponding
EELS spectrum (bottom) of BiOCl-Ag (top). (d) EELS surface plasmon mapping (top)
on BiOCl(001)-Ag for the selected energy range marked in the EELS spectrum in (c)
and the corresponding line profile (bottom). (e) The Raman spectra of BiOCl, BiOClAg-S, BiOCl-Ag-E. (f) The Raman mapping for the marked Raman-active modes over
BiOCl-Ag-E. The insets show the typical low-resolution TEM image (top) and the
optical image of BiOCl-Ag-E used in the Raman mapping (bottom).

Figure 5.4 (a) SEM image of BiOCl-Ag-S. (b) The statistical size distribution of the
Ag loaded on BiOCl.
The photocatalysts catalyse the oxidation or reduction reactions via the
photoinduced holes and electrons which generally exist in the forms of superoxide
radicals (•O2-) and hydroxyl radicals (•OH), respectively.[31,32] To evaluate the amount
of the available active species in the photoreactions, the electron spin resonance (ESR)
spectroscopy was used to detect •O2- and •OH via probing the signal of DMPO-•O2- in
the methanol medium and DMPO-•OH in the water medium. As demonstrated in
Figure 5.5a and b, both BiOCl-Ag-S and BiOCl-Ag-E present obvious DMPO-•O2and DMPO-•OH signals under the illumination of simulated full solar spectrum. It
reveals that the introduction of Ag in the photocatalytic system is beneficial for the
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creation of the photoreactive species. Compared with BiOCl-Ag-S, the intensity of the
DMPO-•O2- and DMPO-•OH signals is stronger in BiOCl-Ag-E, suggesting that the
SPR effect in BiOCl-Ag-E is more capable of converting the solar energy. As is
known, the SPR improves the solar energy conversion efficiency mainly through three
mechanisms. In order to verify whether the direct electron transfer (DET) mechanism
participates in the solar energy conversion of the designed BiOCl-Ag photocatalytic
systems, the detections on the ESR signals of DMPO-•O2- and DMPO-•OH under the
irradiation of visible light (λ > 420 nm) was attempted. It can be observed in Figure
5.6 that the BiOCl-Ag systems demonstrate weak ESR signals for DMPO-•O2- while
there are no ESR signals for DMPO-•OH. As the pure BiOCl substrate cannot utilize
the visible light with the wavelength longer than 420 nm, the detected DMPO-•O2signals can be mainly ascribed to the contribution of Ag. It should be noted that the
intensity of the DMPO-•O2- signal in BiOCl-Ag-E is stronger than that in BiOCl-AgS, elucidating that the Ag loaded on the edge side of BiOCl presents larger ability in
promoting the solar energy conversion. Mott-Schottky measurements were carried out
to check whether the hot electron stored in the resonance electric field can be injected
into BiOCl. As depicted in Figure 5.5c, the flat band potentials of both BiOCl-Ag-S
and BiOCl-Ag-E are shifted to the more negative values compared with BiOCl,
suggesting that the Fermi levels of the BiOCl-Ag systems are elevated due to the
introduction of Ag. It reveals that the hot electrons in Ag migrate into the conduction
band of BiOCl, which is possibly driven by the Schottky junction between Ag and
BiOCl.
Figure 5.5d shows that the photocurrent density of BiOCl is about 0.13 μA/cm2,
which is 35% and 25% of the photocurrent density of BiOCl-Ag-S and BiOCl-Ag-E,

Chapter 5: Modulation of Photocatalytic Properties by Facets-dependent Synergy
Effect between Metal and BiOCl
92
respectively. It proves that the SPR effect induced by the free electrons in Ag can help
the BiOCl-Ag photocatalytic systems to produce more charge carriers and thus
promote greater solar energy utilization. Compared with BiOCl-Ag-S, the
photocurrent density of BiOCl-Ag-E is higher, suggesting its stronger ability in
improving the solar energy conversion and pumping the photoactive sites. The Methyl
blue (MB) degradation was used to evaluate the photocatalytic properties of the asprepared BiOCl and BiOCl-Ag systems. As the conduction band of MB is lower, its
degradation process mainly involves a photoreduction reaction which needs to
consume the photogenerated electrons. As seen in Figure 5.5e, the degradation rate of
MB in the aqueous solution is nearly 83% over BiOCl-Ag-S and 86% over BiOCl-AgE in 40 min under the illumination of the simulated solar light, while only 60% of the
MB solution is degraded over pure BiOCl in the same period. Figure 5.5f demonstrates
that after the irradiation of visible light (λ > 420 nm) for 80 min, the degradation rate
of MB reaches 67% in the presence of BiOCl-Ag-E and 40% in the presence of BiOClAg-S. In contrast, only 25% of MB is degraded over pure BiOCl nanoplates in the
same period. It indicates that the introduction of Ag can improve the photocatalytic
properties of BiOCl and the BiOCl-Ag system with Ag loaded on the edge side
possesses higher efficiency in solar energy utilization and conversion.
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Figure 5.5 ESR signals for DMPO-•O2- (a), and DMPO-•OH- (b) over BiOCl, BiOClAg-S and BiOCl-Ag-E under full spectrum illumination for 4 min. (c) Mott-Schottky
plots of BiOCl, BiOCl-Ag-S and BiOCl-Ag-E. (d) Photocurrent density of BiOCl,
BiOCl-Ag-S and BiOCl-Ag-E under the irradiation of full spectrum. Variation of
methyl blue concentrations as a function of irradiation time over BiOCl, BiOCl-Ag-S
and BiOCl-Ag-E under the illumination of full spectrum (e) and visible light (λ > 420
nm) (f).

Figure 5.6 ESR signals for DMPO-•O2- (a), and DMPO-•OH- (b) over BiOCl, BiOClAg-S and BiOCl-Ag-E under full spectrum illumination for 4 min.
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As shown in Figure 5.7a, under the irradiation of solar light, the plasmon state can
be generated in the BiOCl-Ag photocatalytic systems, which results from the
resonance between the free electron in the plasmon support and the incident light. The
more negative energy level of the plasmon state, which is discussed above, provides
the possibility for the direct injection of the hot electrons from the plasmon support to
the semiconductor photocatalysts. The ESR signal of DMPO-•O2- with the irradiation
of visible light and the visible light-driven dye degradation indicate that the direct
electron transfer (DET) participates in the photocatalytic reaction. The plasmonenhanced absorption and the plasmon-induced resonance energy transfer are also
proposed to contribute to the photocatalytic reactions of BiOCl-Ag systems as
convinced by the enhanced DMPO-•O2- ESR signals with the irradiation of simulated
light and the full-spectrum-driven dye degradation. The Pt photodeposition in Figure
5.8 reveals that the destination of the photoexcited electrons in BiOCl nanoplates is
the (001) facet. Thus, the photoreduction sites of BiOCl are mainly concentrated on
the (001) facet. For BiOCl-Ag-E with Ag loaded on the edge side, the electrons that
are photogenerated with the assistance of Ag can be transferred to the (001) facet. Then
they are used to activate the absorbed O2 and produce the photoreductive species of
•O2-. As the (001) facet is bare, the BiOCl-Ag-E combines the high reactivity of the
(001) facet and the SPR effect of Ag to demonstrate outstanding photocatalytic
properties.
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Figure 5.7 (a) Schematic illustration of the surface plasmon-induced charge transfer
mechanism between Ag and BiOCl. DET: direct electron transfer. PIRET: plasmoninduced resonance energy transfer. (b) Schematic illustration of the generation of
active species over BiOCl-Ag-E.

Figure 5.8 SEM image of BiOCl photodeposited with Pt under the illumination of full
spectrum.

5.4. Conclusion
In summary, BiOCl-Ag-E with Ag loaded on the edge side has been prepared via a
simple and feasible route. The UV-vis spectrum, the EELS mapping and the enhanced
Raman modes illustrate the SPR effect in the BiOCl-Ag photocatalytic system. Under
the irradiation of solar light, Ag can efficiently pump the photoreduction reactive sites
as proved by the enhanced ESR signals and the improved photocatalytic properties.
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This work will contribute to the development of design for plasmon-enhanced
photocatalytic materials with high photocatalytic properties.
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6.1. Introduction
Photocatalysts, which can utilize solar energy to produce H2 and O2 via water splitting
and/or to eliminate organic pollutants, are in high demand to address our increasingly
severe global energy shortage and environmental pollution issues. Semiconductor
photocatalysts show excellent photocatalytic performances, but most of them are
active in ultraviolet (UV) light,[1-3] which occupies only 5% of the full solar spectrum.
Band engineering,[4-7] constructing heterogeneous structures,[8-11] and crystal facet
engineering[12,13] enable red-shifting of the action spectrum from the UV to the visible
(49% of solar energy),[14,15] but still hard to cover the NIR light (46% of solar energy).
This study focuses on harvesting the NIR solar energy by integrating photon
upconversion component to convert NIR to UV and visible light,[16-23] which is feasible
to trigger photocatalytic reactions. As one of the most efficient non-linear processes to
achieve anti-Stokes shifting of light energy, lanthanide-based upconversion[24-31] has
attracted much attention in assistance of semiconductor photocatalysis. Some
conventional composites such as YF3: Yb, Tm@TiO2,[17] NaYF4: Yb, Er@CdS,[18]
NaYF4: Yb, Tm@ZnO,[19] and NaYF4: Yb, Tm@TiO2,[20] appear to have NIR
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photocatalytic activity. Nevertheless, they contain ambiguous heterointerfaces, which
leads to irregularity in promoting catalytic efficiency. Here, I find that epaxially grown
hybrid materials allow the upconverted energy to pass across the heterointerface
smoothly (Figure 6.1a), while the conventional non-epitaxial interface blocks the
excited state energy transfer due to the non-atomic-scale distance between the two
components, and induces energy quenching or a photon scattering loss at the interface
due to the grain boundaries (Figure 6.1b).
Our system design is based on epaxially growing two-dimensional (2D) bismuth
oxyhalide BiOCl nanosheets on the surfaces of three-dimensional (3D) YF3: Yb, Tm
octahedral particles (Figure 6.1c). The {001} facets of BiOCl and the {111} facets of
YF3 will form dense core-shell structures with smooth atomic matching because of the
small lattice mismatch of 0.6% and the chemical compatibility of the halogen atoms
in these two components (Figure 6.2). When the NIR light excites YF3: Yb, Tm, the
excited Tm3+ ions at the interface have a resonance couple with the semiconductor
BiOCl that can induce an excited state energy transfer, in addition to the fluorescence
reabsorption effect. Leveraging the high efficiency of both the excited state energy
transfer and the fluorescence reabsorption pathways, I achieve outstanding
photocatalytic performance, including oxygen evolution via water splitting and dye
degradation.
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Figure 6.1 Activating multiple energy migration channels via constructing epitaxial
heterostructures. (a) Schematic representation of the energy migration mechanisms in
the epitaxial heterostructure. (b) Schematic representation of the energy migration
mechanisms in a non-epitaxial heterostructure. (c) Schematic design of epitaxial YF3:
Yb, Tm@BiOCl heterostructure together with the proposed energy migration
mechanisms. ETU: energy sequential upconversion process. ET: excited state energy
transfer process. PT: photon transfer process (fluorescence reabsorption).
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Figure 6.2 (a) Theoretical modelling of BiOCl epitaxial growth on YF3. The lattice
spacing of (010) planes of BiOCl is 0.389 nm, and the lattice spacing of the (020) plane
at the interface with the (111) planes of YF3 is 0.384 nm. The mismatch between the
(010) plane and the (020) plane is around 0.6%, which provides the possibility of
epitaxial growth in view of the structural compatibility. (b) High-resolution TEM
image of YF3 with the indexed planes labelled. The colours of the atoms are: Cl: light
green, Bi: purple, O: red, F: yellow, Y: light blue. Combining (a) and (b), it is obvious
that the (001) plane of BiOCl is epaxially grown on the (111) plane of YF3.

6.2. Experimental Section
6.2.1. Materials
Sodium hydroxide (NaOH, 98%), yttrium chloride hexahydrate (YCl3·6H2O, 99.99%),
thulium chloride hexahydrate (TmCl3·6H2O, 99.9%), ytterbium chloride hexahydrate
(YbCl3·6H2O, 99.998%), ammonium fluoride (NH4F, 99.99%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O,
99.999%), nitric acid (HNO3, 70%), D-mannitol (98%), polyvinylpyrrolidone (PVP,
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Mw ≈ 40000) and sodium chloride (NaCl, 99.5%) were purchased from SigmaAldrich. All reagents were used as received without further purification.

6.2.2. Materials Preparation
6.2.2.1. Synthesis of YF3: Yb, Tm Microparticles
The lanthanide-doped NaYF4: Yb, Tm nanoparticles were prepared according to
previous reports[22,32] and then dispersed in cyclohexane for future use. 0.5 mmol
NaYF4: Yb, Tm cyclohexane solution was added to a 100 ml beaker containing 30 ml
distilled water. The mixed solution was gradually heated to 80 oC under magnetic
stirring, maintained at this temperature for 30 min, and then cooled down to room
temperature. After the pH was adjusted close to 0.8 by concentrated nitric acid, the
solution was transferred to a 50 ml autoclave, which was heated to 170 oC for 16 h.
After naturally cooling to room temperature, the final products were collected and
washed with water several times and then dried at 80 oC in air.
6.2.2.2. Synthesis of YF3: Yb, Tm@BiOCl
0.0243 g Bi(NO3)3·5H2O and 0.02 g PVP were dissolved into 25 ml of 0.1 M Dmannitol solution under vigorous stirring for 20 min. Then, 0.018 g YF3: Yb, Tm was
added into the solution. After another 30 min, 270 μl saturated NaCl solution was
slowly dropped into the solution. Then, the mixed solution was transferred to a 50 ml
autoclave and kept at 160 oC for 3 h. The resulting solid powder was precipitated and
washed with ethanol and water for several times, and then dried at 80 oC in air.
6.2.2.3. Synthesis of YF3: Yb, Tm@YF3 Microparticles
0.25 mmol NaYF4 cyclohexane solution was added to a 100 ml beaker containing 30
ml distilled water and 30 mg YF3: Yb, Tm. The mixed solution was gradually heated
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to 80 oC under magnetic stirring, maintained at this temperature for 30 min, and then
cooled down to room temperature. After the pH was adjusted close to 0.8 by
concentrated nitric acid, the solution was transferred to a 50 ml autoclave, which was
heated to 170 oC for 16 h. After naturally cooling to room temperature, the final
products were collected, washed with water several times, and then dried at 80 oC in
air.
6.2.2.4. Synthesis of YF3: Yb, Tm@YF3@BiOCl
During the synthetic process for YF3: Yb, Tm@YF3@BiOCl, YF3: Yb, Tm@YF3 was
used instead of YF3: Yb, Tm. The other steps for the synthesis of YF3: Yb,
Tm@YF3@BiOCl is same as that for YF3: Yb, Tm@BiOCl.

6.2.3. Characterization
The X-ray diffraction (XRD) patterns were recorded on a GBC MMA X-ray powder
diffractometer using Cu-Kα1 radiation (40 kV, 25 mA, λ = 0.15418 nm) in the 2θ range
from 10o to 80o. The scanning electron microscope (SEM) images were obtained on a
JEOL JSM-7500 under a voltage of 5 kV and current of 10 mA. The focused ion beam
of an FEI Helios Nanolab G3 CX was used to cut the microparticles into slabs with
thickness less than 100 nm. Scanning transmission electron microscope (TEM) images
were collected on a JEOL JEM-2010 with the operation voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was conducted on a Photoelectron Spectroscopy
Station (Beamline 4W9B) of the Beijing Synchrotron Radiation Facility of the Institute
of High Energy Physics, Chinese Academy of Sciences. The ultraviolet-visible (UVvis) diffuse reflectance spectra were collected on a Shimadzu UV-3600 with BaSO4 as
the reference sample.
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6.2.4. Density Function Calculation (DFT)
All DFT calculations were performed using the Vienna Ab Initio Simulation Package
(VASP) package. The generalized gradient approximation (GGA) was applied to treat
the exchange correlation energy with the Perdew−Burke−Ernzerhof (PBE) functional
and the projector augmented wave (PAW) method was employed to describe
electron−ion interactions. The cut-off energy was set at 400 eV. The spin-polarized
Hubbard-corrected local density approximation (LDA+U) was performed for Hubbard
correction, and an effective Ueff value of 6 eV was applied for Yb and Tm. A vacuum
spacing of 25 Å was applied to avoid interaction between adjacent surfaces. Atom
positions were fully relaxed until the convergence tolerance of force on each atom was
smaller than 0.05 eV. The energy convergence criterion was set at 1×10-4 eV for selfconsistent calculations, and k-point sampling was 1×1×1.

6.2.5. Photocatalytic Measurements
The amount of the photocatalysts used in the photocatalytic measurements was
normalized according to the stoichiometry of BiOCl. The oxygen evolution tests were
conducted on a PGS-15 Full Spectrum Photocatalysts Performance Evaluation system.
During each test, 30 mg photocatalyst combined with 30 ml 0.05 mol/L AgNO3
aqueous solutions were added into the reactor, which was sealed with a rubber septum
and degassed by bubbling Ar for 30 min. The light source for the oxygen evolution
reaction was a 300 W Xe lamp with suitable cut-off filter glass. The produced oxygen
was detected by using an online gas chromatograph (GC7900IJT, TECHCOMP,
China) connected with a thermal conductivity detector. The dye degradation property
tests were carried out over Methyl Orange (MO), Rhodamine B (RhB), and Methyl
Blue (MB). For the MO degradation test, 3 mg photocatalyst with a normalized amount
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of BiOCl was added into 3 mL 10 mg/L MO aqueous solution under visible or nearinfrared (NIR) light irradiation. For the RhB degradation test, 3 mg photocatalyst was
added into 9 mL and 3 mL 10 mg/L RhB aqueous solution under visible light and NIR
light irradiation, respectively. For the MB degradation, 3 mg photocatalyst was added
into 6 mL and 3 mL 10 mg/L RhB aqueous solution under visible light and NIR light
irradiation, respectively. Before illumination for the dye degradation test, the
suspended solution was placed in the dark for 60 min under constant stirring to reach
its absorption-desorption equilibrium. During the degradation process, 1.5 mL
suspended solution was withdrawn for further UV-vis absorption spectroscopy
measurements. The time interval for the MO degradation under visible and NIR light
irradiation and for RhB and MB degradation under NIR light irradiation was 20 min.
The time interval for RhB and MB degradation under visible light illumination was 10
min.
6.2.6. Single Particle Measurements
The photoluminescence (PL) spectra, and the PL intensity mapping and decay for
single particles were characterized by a home-built laser scanning confocal
microscope. The excitation source was a 980 nm single mode polarized laser (229
mW). The sample for a single particle measurement was prepared using the following
protocol: a. prepare 1 mg/mL ethanol solution of the sample; b. drop 20 µL of the
solution on a clean and dry cover glass; c. drop 20 µL of embedding medium on the
glass slide, and then place the cover glass on the glass slide with the embedding
medium and squeeze out any air bubbles; and d. dry the sample in an oven at 60 °C.
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6.3. Results and Discussion
The scanning electron microscope (SEM) image in Figure 6.3a shows the morphology
of the in-situ grown hybrid YF3: Yb, Tm@BiOCl particles (Figure 6.4 and 6.5), which
are on the micron scale and have octahedral shapes with sharp edges and corners. The
elemental mapping (Figure 6.3b-c) and phase mapping (Figure 6.6) in scanning
transmission electron microscopy (STEM) confirm the heterogeneous structure of
YF3: Yb, Tm@BiOCl, in which the BiOCl nanosheets were uniformly grown on the
surfaces of YF3: Yb, Tm particles.
To directly observe the atomic structure of the heterointerface, I employ focused ion
beam (FIB) milling to slice up a single particle to expose the cross section of the
interface (Figure 6.3f). The corresponding high-resolution TEM image in Figure 6.3g
clearly shows the epitaxial interface of the heterogeneous structure between YF3: Yb,
Tm and BiOCl which presents the similar ending up atomic layers of halogen (Figure
6.2). The lattice fringes of YF3: Yb, Tm can be indexed to (111) and (020) facets
(Figure 6.3h), and the lattice fringes of BiOCl can be indexed to (010) and (001) facets
(Figure 6.3i). X-ray photoelectron spectroscopy (XPS) of the hybrid YF3: Yb,
Tm@BiOCl, and pure YF3: Yb, Tm (Figure 6.3d-e) was characterized to investigate
the composition of the interface. As illustrated, the Y 3d5/2 peak shifts from 159.20 eV
(YF3: Yb, Tm) to 158.85 eV (YF3: Yb, Tm@BiOCl), and the 3d3/2 peak shifts from
161.25 eV (YF3: Yb, Tm) to 161.08 eV (YF3: Yb, Tm@BiOCl) (Figure 6.3d). The
binding energy of F decreases ~ 0.27 eV in YF3: Yb, Tm@BiOCl particles, as
compared to pure YF3: Yb, Tm microcrystals (Figure 6.3e). Thus, it can be concluded
that the F- - Cl- sharing halogen layer is formed during the epitaxial growth and partial
Y3+ ions at the interface can be bonded to the Cl- from BiOCl.[33-37] The epitaxial
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structure together with the proposed composition of epitaxial interface is illustrated in
Figure 6.3j.

Figure 6.3 Structural characterizations of YF3: Yb, Tm@BiOCl. (a) SEM image of
YF3: Yb, Tm@BiOCl microparticles. (b) High-angle annular dark field – scanning
transmission electron microscope (HAADF-STEM) image of the selected area in the
inset HAADF-STEM image of a randomly selected single YF3: Yb, Tm@BiOCl
particle. (c) Typical transmission electron microscope (TEM) image and the
corresponding elemental mapping for the selected area in (b). The mappings of Bi
(light blue), Cl (red), and Y (yellow) demonstrate the core-shell structure of YF3: Yb,
Tm@BiOCl. High-resolution core level XPS spectra of Bi, Y (d) and F (e). (f)
HAADF-STEM image of a FIB-milled randomly selected YF3: Yb, Tm@BiOCl
particle. (g) Atomic HRTEM image of the selected area in f. It clearly displays the
lattice matching of YF3: Yb, Tm and BiOCl at the interface. The HRTEM image of
YF3: Yb, Tm (h) and BiOCl (i) for the selected area in g. The lattice fringes of YF3:
Yb, Tm can be indexed to the (111) and (020) planes, and the lattice fringes of BiOCl
can be indexed to the (010) and (001) planes. (j) Modelling of YF3: Yb, Tm and BiOCl
crystal structures and their interface, together with the lattice matching at the interface
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obtained from STEM. Colours represent the following atoms: purple, Bi; red, O; light
green, Cl; yellow, Y; light blue, F; blue, Yb; red-brown, Tm. The structural
characterizations indicate that the BiOCl is epaxially grown on the surface of YF3: Yb,
Tm via the halogen atoms.

Figure 6.4 Schematic illustration of the synthesis of YF3: Yb, Tm@BiOCl. TEM
images of the original NaYF4: Yb, Tm with SEM images of the particles at each step
also presented.
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Figure 6.5 XRD patterns of the as-prepared YF3: Yb, Tm@BiOCl, YF3: Yb, Tm, and
BiOCl. The standard patterns from the PDF cards for BiOCl and YF3: Yb, Tm are also
presented. The X-ray diffraction peaks of YF3: Yb, Tm@BiOCl can be indexed to the
orthorhombic YF3: Yb, Tm and the tetragonal BiOCl, indicating that the YF3: Yb,
Tm@BiOCl core-shell structure consists of YF3: Yb, Tm and BiOCl.
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Figure 6.6 (a) HAADF-STEM image of YF3: Yb, Tm@BiOCl. (b) Typical TEM
image and the corresponding elemental mappings for the selected area in (a). (c), (d)
Phase mappings of YF3: Yb, Tm@BiOCl for the selected area in (a).
To examine the optical performance of the hybrid materials, I perform ensemble and
single particle fluorescence spectroscopy. Figure 6.7a shows the contrastive
upconversion emission spectra from YF3: Yb, Tm@BiOCl and YF3: Yb, Tm powder
ensembles. It is interesting to observe that the epitaxial growth of BiOCl induces sharp
decrease of the blue (Tm3+: 1D2 → 3F4, 1G4 → 3H6) and green (Tm3+: 1D2 → 3H5)
emission bands,[38] while the NIR emissions (Tm3+: 3H4 → 3H6) remain constant. This
is highly in accordance with the absorption property of the hybrid materials, which
show strong UV absorbance with clear absorption edge at ~ 400 nm and an absorption
tail extended to 700 nm, as shown in Figure 6.7b. The absorption edge and tail
correspond to the band gap of BiOCl (Eg = 3.0 eV) and the surface defect states,
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respectively.[39] This indicates that the external BiOCl can absorb the energy
upconverted by YF3: Yb, Tm apparently.
To clear the direct effect of BiOCl shell layer on YF3: Yb, Tm internal core, I
employ steady-state and transit-state fluorescence microscopy of single particle using
home-built scanning confocal microscope.[30] Figure 6.7c-h shows the confocal
scanning fluorescence images and intensity line profiles of YF3: Yb, Tm@BiOCl and
YF3: Yb, Tm single particles at the wavelengths of 480 nm and 768 nm. I observe that
BiOCl shell layer only quench the 480 nm emission, but not the 768 nm emission. The
corresponding fluorescence decay curves of the Tm3+ transitions further show the
occurrence of excited state energy transfer from the YF3: Yb, Tm core to the BiOCl
shell. As shown in Figure 6.7i, the lifetime monitored at 480 nm shows an obvious
decrease (from 170 μs to 110 μs) after the epitaxial growth of BiOCl, which indicates
a non-radiative energy transfer pathway from Tm3+ 1G4 excited state to BiOCl
conduction band. While the lifetimes of the 3H4 excited state of Tm3+ (monitored at
768 nm) are generally same for YF3: Yb, Tm (179 μs) and YF3: Yb, Tm@BiOCl (181
μs) at the edge position of the tested particles.
To reveal whether the fluorescence reabsorption co-exists with the distancedependent excited state energy transfer,[40,41] I design a core-shell-shell YF3: Yb,
Tm@YF3@BiOCl structure with inert YF3 to block the excited state energy transfer.
TEM image, phase mapping elemental mapping in Figure 6.7j-k and Figure 6.8-6.9
show the core-shell-shell structure with a YF3 layer in the thickness of ~ 100 nm. I
perform NIR-driven photocatalytic dye degradation to quantitatively identify the
energy transfer pathways. Figure 6.7l shows that core-shell-shell YF3: Yb,
Tm@YF3@BiOCl particles exhibit NIR-driven photocatalytic activity, but its
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efficiency is only 63% of the core-shell YF3: Yb, Tm@BiOCl particles (NIR-driven
dye degradation over YF3: Yb, Tm@BiOCl and YF3: Yb, Tm@YF3@BiOCl particles
possess efficiencies of 47% and 30%, respectively, in 2 hours). Therefore, the high
efficiency of NIR-driven photocatalytic activity of YF3: Yb, Tm@BiOCl benefits from
the co-existence of excited state energy transfer and fluorescence reabsorption. The
density functional theory (DFT) calculation in Figure 6.10 provides the possibility for
the exited-state energy transfer theoretically. I draw the schematic energy transfer
pathways in these two structures in Figure 6.7m-n.

Figure 6.7 Mechanistic investigation of the multiple energy migration process in YF3:
Yb, Tm@BiOCl. (a) UV-visible diffuse reflectance spectra of YF3: Yb, Tm, BiOCl
and YF3: Yb, Tm@BiOCl. (b) The photoluminescence spectra of single YF3: Yb, Tm
and YF3: Yb, Tm@BiOCl particles conducted by home-built confocal microscopy.
The photoluminescence spectra have been normalized by the peak at 780 nm. Confocal
microscope luminescence mapping for the single particle of YF3: Yb, Tm@BiOCl at
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480 nm (c) and 768 nm (e) under 980-nm excitation. Confocal microscope
luminescence mapping for the single particle of YF3: Yb, Tm at 480 nm (d) and 768
nm (f) under 980-nm excitation. Line profile scanning for YF3: Yb, Tm@BiOCl and
YF3: YB, Tm at 480 nm (g) and 768 nm (h). The intensities of the luminescence in (ch) have been normalized by the intensity of 780 nm. (i) Luminescence decay curves of
YF3: Yb, Tm@BiOCl and YF3: YB, Tm at 480 nm (upper) and 768 nm (lower) with
the excitation of 980-nm laser. Typical TEM images combined with the corresponding
phase mappings for the selected area in the corresponding insets TEM images of YF3:
Yb, Tm@BiOCl particle (j) and YF3: Yb, Tm@YF3@BiOCl (k). (l)Variation of dye
concentrations as a function of illumination time for YF3: Yb, Tm@BiOCl and YF3:
Yb, Tm@YF3@BiOCl. The energy migration mechanisms of YF3: Yb, Tm@BiOCl
(m) and YF3: Yb, Tm@YF3@BiOCl (n). ET: Excited state energy transfer; PT: photo
transfer (fluorescence reabsorption). It is confirmed that both the excited state energy
transfer and the photon transfer present in the energy migration process of YF3: Yb,
Tm@BiOCl.
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Figure 6.8 (a) SEM image of YF3: Yb, Tm. Bright-field STEM images of FIB-milled
YF3: Yb, Tm@BiOCl particle (d) and YF3: Yb, Tm@YF3@BiOCl (g). (b), (e), (h)
High-resolution TEM images of the selected areas in (a), (d) and (g), respectively. (c),
(f), (i) Schematic illustrations of the structures in (a), (d) and (g), respectively.
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Figure 6.9 Typical TEM images of selected areas in the corresponding inset images
for YF3: Yb, Tm@BiOCl particle (a) and YF3: Yb, Tm@YF3@BiOCl particle (f). (be) Elemental mappings of Y, Yb, Bi, and Cl for the area of YF3: Yb, Tm@BiOCl in
(a). (g-j) Elemental mappings of Y, Yb, Bi and Cl for YF3: Yb, Tm@YF3@BiOCl in
(b).

Figure 6.10 (a) optimized heterostructure of YF3: Yb, Tm@BiOCl by DFT method.
(b) Differential electron density distribution for (a).
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By fully understanding the energy transfer pathways in the epitaxial grown hybrid
material, I apply this material for photocatalysis. Moreover, to clear the superiority of
the epitaxial grown hybrid structure, I conducted comparison over the mechanical
mixture of YF3: Yb, Tm/BiOCl powder (same molar ratio in YF3: Yb, Tm@BiOCl)
and pure BiOCl through dye degradation and water splitting under NIR and visiblelight irradiation. Figure 6.11a shows that YF3: Yb, Tm@BiOCl microparticles degrade
nearly 49% of methyl orange (MO) aqueous solution with the concentration of 10 mg
L-1 in 2 hours under the irradiation of light with λ > 420 nm. In contrast, the degradation
rates of MO molecules are only 8% and 14% over pure BiOCl and mixed YF3: Yb,
Tm/BiOCl, respectively. For NIR-light-driven (λ > 780 nm) dye degradation
evaluation (Figure 6.11b), photocatalytic activity over YF3: Yb, Tm@BiOCl shows 4
times higher than that of mixed YF3: Yb, Tm/BiOCl, while pure BiOCl is absence of
MO degradation. Similar results happen in photocatalytic degradations of rhodamine
B (RhB) and methylene blue (MB) (Figure 6.12, 6.13). I further study the wavelength
dependence of photocatalytic MO degradation rate to reveal the light utilization of
YF3: Yb, Tm@BiOCl (Figure 6.11c). The trend of MO degradation rate of YF3: Yb,
Tm@BiOCl is in accordance with its absorbance under the monochromatic light
irradiation, suggesting that the absorbed energy can be efficiently utilized for
photocatalysis.
As a high-level indicator of photocatalytic performance, water splitting is challenge
for the conventional mixture of semiconductor and upconversion materials. Here, our
epaxially grown hybrid structure facilitates the visible and NIR driven water splitting,
which is evaluated by O2 generation. Figure 6.11d and 6.11f shows that YF3: Yb,
Tm@BiOCl produces 1.97 mmol g-1 O2 under irradiation by light with wavelengths
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ranging from 420 nm to 780 nm over 4 hours, which is higher than that of YF3: Yb,
Tm/BiOCl and BiOCl. The NIR light-driven O2 evolution (λ > 780 nm) over 3 hours
for YF3: Yb, Tm@BiOCl is 1.29 mmol g-1, which is nearly twice that of YF3: Yb,
Tm/BiOCl (Figure 6.11e and 6.11f). It is striking that the O2 evolution rate of YF3:
Yb, Tm@BiOCl is higher than that of BiOCl and the other photocatalysts[42] under UV
and visible light irradiation (Table 6.1).

Figure 6.11 Photocatalytic dye degradation and water oxidation properties. Variation
of methyl orange concentrations as a function of illumination time for YF3: Yb,
Tm@BiOCl, mechanical mixture of YF3: Yb, Tm/BiOCl and pure BiOCl nanosheets
under illuminations of the light with the wavelength larger than 420 nm (a) and NIR
light (λ>780 nm) (b). (c) UV-visible diffuse reflectance spectrum and MO degradation
percentage of YF3: Yb, Tm@BiOCl plotted as a function of wavelength of the incident
light. O2 evolution from aqueous AgNO3 solutions on YF3: Yb, Tm@BiOCl,
mechanical mixture of YF3: Yb, Tm/BiOCl and pure BiOCl nanosheets under
illuminations of visible light (420 nm < λ <780 nm) (d) and NIR light (λ >800 nm) (e).
(f) The corresponding O2 evolution rate comparison.
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Figure 6.12 Variation of RhB concentrations as a function of illumination time for
YF3: Yb, Tm@BiOCl, and a mechanical mixture of YF3: Yb, Tm/BiOCl and pure
BiOCl nanosheets under illumination by light with wavelength longer than 420 nm (a)
and NIR light (λ > 780 nm) (b). The ratio of photocatalyst to dye aqueous solution
used in (a) is 3 mg/9 ml. The ratio of photocatalyst to dye aqueous solution used in (b)
is 3 mg/3 ml.

Figure 6.13 Variation of MB concentrations as a function of illumination time for YF3:
Yb, Tm@BiOCl, a mechanical mixture of YF3: Yb, Tm/BiOCl, and pure BiOCl
nanosheets under illuminations by light with wavelengths longer than 420 nm (a) and
NIR light (λ>780 nm) (b). The ratio of photocatalyst to dye aqueous solution used in
(a) is 3 mg/6 ml. The ratio of photocatalyst to dye aqueous solution used in (b) is 3
mg/3 ml.
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Table 6.1 Summary of the oxygen evolution from water splitting by photocatalysts.
No.

Materials

Water oxidation
420 nm< λ <800

Reference

λ > 800 nm

nm
1

Sr0.9NbO3

0.025 mmol g-1

43

h-1
2

In0.26Ga0.74N: Mg: 200 oC

0.4 mmol g-1 h-1

44

3

3.0 wt% (Pt) RuO2-loaded g-

0.0083 mmol g-1

45

C3N4

h-1

Ag3PO4

1.272 mmol g-1

4

46

h-1
5

SrTiO3:La,Rh/Au/BiVO4:Mo

0.05 mmol h-1

47

0.012 mmol g-1

48

(573K) Ru loaded
6

BCN

h-1
7

IrO2-ZnDPEG (r=109)

0.015 mmol h-1

41

8

Pt(P.D.)/MnOx(P.D.)BiVO4

0.66 mmol g-1 h-1

49

9

Pt/TiO2/Au

0.33 μmol h-1

50

10

Carbon nanodot-C3N4

4.1 μmol h-1

51

11

Ag-(001)BiOCl(110)-Pd

0.007 mmol g-1

11

h-1
12

BiOCl with rich oxygen
vacancies

0.36 mmol g-1 h-1

52
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13

YF3: Yb, Tm@BiOCl

0.49 mmol g-1 h-1

0.43

This work

mmol g-1
h-1

6.4. Conclusion
In summary, I have successfully fabricated epaxially aligned heterogeneous YF3: Yb,
Tm@BiOCl microparticles. I have proved that the BiOCl was epaxially grown on the
surface of octahedral YF3: Yb, Tm via halogen layer sharing at the interface and further
reveal that the coexistence of resonance energy transfer and fluorescence reabsorption
is responsible for the highly efficient photocatalytic performance. This work provides
a strategy to develop wide-spectrum-driven photocatalysts, which is now poised to
address the global challenges of clean energy shortages and environmental pollution.
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7.1. Introduction
Lanthanide-doped upconversion nanoparticles (UCNPs), capable of converting lowerenergy infrared photons into more useful high-energy visible and UV emissions, hold
promise in a wide range of emerging applications,[1-4] such as single molecule sensing,
super resolution imaging,[5] NIR triggered drug delivery and release through
transparent biological window.[6,7] The realization of its full potentials in real-world
applications will further rely on the creation of new hybrid materials through
controlled growth of heterogeneous nanostructures, but it is broadly considered as a
challenge to find the conditions for epitaxial alignment at the interfaces due to the
structural lattice mismatches. Many attempts to fabricate epitaxial heterogeneous
structures always end up with non-epitaxial shell or anisotropic structures with the
segregation,[8,9] and consequently resulting in reduced emission intensity and
performance.
Semiconductor ZnO has a rather large free-exciton binding energy of 60 meV[10] to
enable excitonic emissions at or even above room temperature, and therefore is highly
useful in optical and optoelectric applications, such as ultraviolet (UV) laser
emission,[11] LEDs,[12-14] photodetectors,[15] and photosensitisers.[16,17] But its room-
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temperature wide band gap of 3.3 eV [18,19] requires UV excitation, which prerequisite
has been limiting its applications in photodetector and biological fields. Towards this
challenge, the introduction of impurity energy levels into the band gap of ZnO by
chemical doping[14,20,21] can broaden its absorption into the visible region, but the
efficiency is quite low. The idea using UCNPs (e.g. NaYF4: Yb, Er, or NaYF4: Yb,
Tm) as an intermediate photon energy convertor to excite the semiconductor[8,9] and
particularly ZnO,[22-24] has been recently demonstrated for NIR photocatalytic and
photo therapy applications,[25] but the luminescence intensity of the UV region for the
UCNPs was decreased due to the non-radiative decay[6,26] at non-epitaxial interface
and the absorption of ZnO components.
In this work, I prepared NaYF4: Yb, Tm@ZnO core-shell nanostructures with
epitaxial heterogeneous interface following the Lewis acid-base reaction mechanism,
in which a critically narrow window of controlling temperature has been identified to
facilitate the epitaxial alignment of hybrid nanomaterials. In comparison of NaYF4:
Yb, Tm core nanoparticles, NaYF4: Yb, Tm@ZnO core-shell single nanoparticles
exhibit identical and enhanced upconversion emission intensity, around two times
higher, under 980 nm irradiation. In addition, the NaYF4: Yb, Tm@ZnO
heterogeneous nanoparticles demonstrate greatly enhanced photocurrent under
infrared irradiation. This work establishes a general, simple and controllable way to
obtain

multifunctional

heterogeneous

UCNP@semiconductor

core-shell

nanoparticles, which can be used in wide-spectrum photodetectors and photosensors.
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7.2. Experimental Section
7.2.1. Materials
Yttrium chloride hexahydrate (YCl3·6H2O, 99.99%), ytterbium chloride hexahydrate
(YbCl3·6H2O, 99.998%), thulium chloride hexahydrate (TmCl3·6H2O, 99.9%),
sodium hydroxide (NaOH, 98%), ammonium fluoride (NH4F, 99.99%), oleic acid
(OA, 90%), 1-octadecene (ODE, 90%), oleylamine (OM, 98%), zinc acetylacetonate
hydrate (Zn(acac)2·xH2O, 99.995%), 1,2-hexadecanediol (90%), diphenyl ether (99%)
were purchased from Sigma-Aldrich. All reagents were used as received without
further purification.

7.2.2. Materials Preparation
7.2.2.1. NaYF4: Yb, Tm UCNPs Core
The lanthanide-doped NaYF4: Yb, Tm nanoparticles containing 30%Yb and 0.5%Tm
were prepared according to the following procedure: YCl3 (1.39 mmol), YbCl3 (0.6
mmol), and TmCl3 (0.1 mmol) in methanol solution were mixed with 13 ml oleic acid
(OA) and 30 ml 1-octadecene (ODE) in a 100 ml three-neck flask at room temperature.
The mixture was first heated to 90 oC to remove the methanol and then heated to 140
o

C to remove the water. Thereafter, the solution was heated to 160 oC to form

lanthanide oleate complexes and then cooled to room temperature. A methanol
solution containing 5 mmol NaOH and 8 mmol NH4F was slowly added into the flask.
After vigorous magnetic stirring for 1 h, the completely mixed solution was heated to
90 oC to remove the methanol, and then heated to 310 oC and kept for 1.5 h. All the
above processes were carried out under strong stirring and argon atmosphere. The
resulting nanoparticles were precipitated with ethanol, collected by centrifugation,
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washed with cyclohexane/OA/ethanol/methanol (in the ratio of 4/1/4/5 v/v/v/v), and
finally re-dispersed in cyclohexane.
7.2.2.2. NaYF4: Yb, Tm@ZnO Core-shell
The NaYF4: Yb, Tm@ZnO core-shell nanoparticles were prepared following the
previous reported method:[25] 0.5 mmol Zn(acac)2 and 1 mmol 1,2-hexadecanediol
were dissolved into 20 ml diphenyl ether in a 50 ml two-neck flask. Thereafter, 10 µl
OA, 100 µl OM, and 0.5 mmol NaYF4: Yb, Tm were added into the flask. The solution
was then heated to 100 oC for 30 min, and after that, heated to 160 oC for 30 min, and
finally heated to the reaction temperature for 1 h. Here, the reaction temperatures were
180 oC, 210 oC, and 240 oC, respectively. All the above processes were carried out
under strong stirring and argon atmosphere. The as-synthesized core-shell
nanocrystals were collected by centrifugation, washed with acetone, and then dried at
80 oC.

7.2.3. Characterization
X-ray diffraction (XRD) patterns of the dried powders were collected on a GBC MMA
X-ray powder diffractometer using Cu-Kα1 radiation (40 kV, 25 mA, λ = 0.15418 nm)
in the 2θ range from 20o to 75o. Transmission electron microscopy (JEOL JEM-2010)
was used to characterize the morphology of the as prepared nanoparticles. The
composition of the nanoparticles was examined by probe corrected scanning
transmission electron microscopy (STEM, JEOL JEM-ARM200F) at low temperature
with operation voltage of 80 kV. The UV-visible absorption spectrum was collected
by Shimadzu UV-3600. The upconversion luminescence spectra were obtained using
a Fluorolog-Tau3 spectrofluorometer (JobinYvon-Horiba) equipped with an external
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980 nm CW diode laser with a pump power of ~ 1.2 W. The upconversion nanocrystals
were dispersed in the cyclohexane and were prepared in a concentration of 1 mg/ml.
The dispersion was transferred to quartz cuvettes with 10 mm path length and three
measurements were conducted for each sample.
The confocal microscopy quantitative measurement of single nanoparticles was
carried out by the home-built laser scanning confocal microscope.[27] The excitation
source is obtained by focusing a 976 nm single mode polarized laser (229 mW) with a
100x objective lens (NA 1.4). The same objective lens was used to collect the emission
from the sample and then refocused the emission into an optical fibre which has a core
size matching with system Airy disk. The collection optical fibre connects to a Single
Photon Counting Avalanche Diode (SPAD) detector to detect the emission intensity.
The scanning is achieved by moving the 3D piezo stage. The monodispersed single
UCNPs samples were prepared using the following protocol: a. Prepare the asprepared sample dispersion in cyclohexane with suitable concentration, and place a
drop of 20 µl UCNPs dispersion onto the cover-glass, then dry it naturally. b. Drop 20
µl Embedding Media on a glass slide, and then place the cover-glass onto the glass
slide with Embedding media and squeeze out any air bubbles.
The photocurrent density was measured using a VSP-300 electrochemical analyser
under NIR light. The NIR light source was obtained from a 3 W 980 nm laser, and the
distance between the bottom of the electrode and the light source was about 10 cm. A
standard three-electrode set-up with a working electrode (as-prepared nanoparticle
materials), a platinum wire as the counter electrode, and a standard Ag/AgCl electrode
as the reference electrode were adopted in the photoelectric investigations. The bias
used in the photocurrent response measurements was -0.6 eV. The electrolyte solution
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used in the photoelectric studies was 0.1 M Na2SO4.

7.3. Results and Discussion
Figure 7.1a is a transmission electronic microscopy (TEM) image of typical NaYF4:
Yb, Tm@ZnO nanoparticles synthesized at 210 °C with a small amount of excess ZnO
particles presence. It shows that the core-shell nanoparticles possess the size of 35 nm
while the NaYF4: Yb, Tm cores are in a uniform size of 30 nm (Figure 7.2a-c). The
sharp contrast between the centre and the edge of the nanoparticles in the STEM phase
mapping image shown in Figure 7.1a inset demonstrates the core-shell structures. The
diffraction rings in the selected area electron diffraction (SAED) patterns (Figure 7.1b)
obtained from nanoparticles in Figure 7.1a can be indexed to the hexagonal phase of
NaYF4 and the wurtzite ZnO. It agrees well with the X-ray diffraction pattern as shown
in Figure 7.2d. The line profile analysis from energy-dispersive spectroscopy (EDS)
spectrum taken on several nanoparticles illustrates that oxygen only localized at the
shell layers (Figure 7.4c and Figure 7.5), which supports that the shell is ZnO.
By carefully tuning synthesis temperature, three distinct nanostructures can be
prepared, as shown in Figure 7.1c-h and Figure 7.3-7.6. At lower temperature (180
o

C), ZnO shell always exhibits a non-epitaxial polycrystalline structure with atomic

mismatch and dislocations between ZnO shell and NaYF4: Yb, Tm core (denoted as
PCS), as shown in Figure 7.1c-d. In contrast, the nanoparticles synthesized at moderate
temperature of 210 °C possess epitaxial interface between core and shell layers
(denoted as ES), as shown in Figure 7.1e-f. When the synthesis temperature is 240 oC,
the irregular-shaped ZnO nanoparticles (denoted as NC) are separately formed from
the core nanoparticles (Figure 7.1g-h, Figure 7.3b and Figure 7.6).
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Figure 7.1 TEM characterization of NaYF4: Yb, Tm–ZnO systems prepared at
different temperatures. (a) A typical TEM image of the as-prepared NaYF4: Yb,
Tm@ZnO nanoparticles synthesized at 210 oC. The phases are: ZnO in green, NaYF4:
Yb, Tm in red. (b) The SAED pattern of as-prepared NaYF4: Yb, Tm@ZnO
nanoparticles synthesized at 210 oC. (c), (e) and (g) are high-resolution TEM images
for NaYF4: Yb, Tm–ZnO synthesized at 180 oC, 210 oC and 240 oC, respectively. The
insets are the corresponding TEM images of the nanoparticles indicating the locations
for high-resolution TEM by the red squares. (d), (f) and (h) are the inverse FFT images
from the locale areas marked by green squares in (c), (e) and (g), respectively. The
white dashed lines in (c), (e), (d) and (f) show the interface boundary. The scale bar of
the inset image in (a) is 25 nm. The scale bar in (b) is 2 nm-1. The scale bars in (c), (e)
and (g) are 5 nm; the scale bars in the insets of (c), (e) and (g) are 20 nm.
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Figure 7.2 (a) and (b) are the typical TEM images of as-prepared NaYF4: Yb, Tm and
NaYF4: Yb, Tm@ZnO nanoparticles, respectively, with the inserts showing the phase
mapping results. The colors of the phases are ZnO in green and NaYF4: Yb, Tm in red.
(c) The corresponding size distributions of nanoparticles shown in (a) and (b). (d) The
XRD pattern for NaYF4: Yb, Tm@ZnO, and the standard PDF card for NaYF4: Yb,
Tm and ZnO. The scale bars for (a) and (b) are 100 nm. The scale bars for the inserted
images are 50 nm in (a) and 25 nm in (b).
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Figure 7.3 TEM images for PCS synthesized at 180 oC (a), and NC synthesized at 240
o

C (b). The scale bars are 100 nm.

Figure 7.4 (a) and (b) are the phase mapping results for PCS and ES, respectively. The
colors of the phases are ZnO in green and NaYF4: Yb, Tm in red. (c) EDS line profile
of O elemental distribution for ES. (d) EDS spectrum of NaYF4: Yb, Tm@ZnO
nanoparticles. The core-shell nanoparticles are composed of NaYF4: Yb, Tm and ZnO.
The shell phase is the ZnO material, and the core phase is the NaYF4: Yb, Tm UCNP
material.
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Figure 7.5 EDS line scans of O on different NaYF4: Yb, Tm@ZnO nanoparticles.

Figure 7.6 Phase mapping image for NC. The color of the phase is ZnO in green. (b)
The full EDS spectrum of NC synthesized at 240 oC. (c) and (d) are selected ranges of
the EDS spectrum marked in (b).
The formation processes of these heterogeneous nanostructures of NaYF4: Yb, TmZnO are the synergetic effects of surfactants, temperature and interactions between the
core and shell nanomaterials. The NaYF4: Yb, Tm nanoparticles are used as the core
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and the surface was coated with OA. In preparation of NaYF4: Yb, Tm core
nanoparticles, OA was used as surfactant molecules to synthesize monodispersed
UCNPs with –COO– groups bonded to the surface cations.[28-33] The alkyl chains of
OA– at the surface of UCNPs repel the coordination with Zn2+ because the higher
energy of the empty frontier orbital in hard acid of OA– make it difficult to accept hard
acid metal cations Zn2+ according to Lewis acid-base reaction mechanism.[34] We
therefore choose OM as a hard base (hardness of basicity is about 4.4 eV) to decrease
free energy and increase enthalpy in the “hard acid – hard base” interaction for
synthesis of metal oxide nanoparticles.[29,34]
Except the choosing of the surfactants, the epitaxial growth of ZnO onto the
upconversion nanoparticle surface requires the synergistic rates of desorption of the
surfactant OA– and the pyrolysis of the Zn2+ chelates. As is well documented,
temperature plays a significant role in the desorption of surfactant from the surface of
nanoparticles and the pyrolysis of metal chelate complexes. Hence, the precise control
of synthesis temperature is critical in achieving epitaxial structures of NaYF4: Yb,
Tm@ZnO. Figure 7.7 illustrates the proposed formation processes of the three distinct
nanostructures at different temperature ranges. It is reported that the desorption of OA–
can be analysed by using thermal gravimetric analysis (TGA) at the temperature range
from 150 oC to 300 oC.[29] As indicated by the change of derivative weight with the
dependence of temperature in Figure 7.7 and Figure 7.8, the desorption of OA– from
UCNPs starts from about 160 oC and reach the maximum in the temperature range
from 190 oC to 230 oC. Besides, increasing temperature can effectively promote the
pyrolysis of Zn organometallic complex formed during the homogenized process. [3537]

Thus, under 190 oC, partial OA– is desorbed from the surface of UCNPs, resulting
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in polycrystalline ZnO caused by the steric inhibition from the remained OA–
surfactants. While above 190 oC, the effect of steric inhibition from the remained OA–
surfactant is minimized. Combining with the moderate pyrolysis rate under moderate
temperature, uniform and epitaxial grown ZnO shell layer with minimized crystalline
grain boundaries at the surface is expected to be obtained. When the temperature is
above 230 oC, the pyrolysis rate of zinc chelate complex is much faster than that of the
lower temperature, ZnO is expected to be formed quickly before the OA– detached
from the surface of UCNP. The optimal synthesis temperature range is proposed to be
determined by synchronizing the OA– desorption rate and the pyrolysis rate of zinc
chelate complex.
The optical properties were characterized for the three different nanostructures.

Figure 7.7 Schematic illustration of the growth conditions and corresponding
structures of NaYF4: Yb, Tm–ZnO systems.
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Figure 7.8 TGA results for UCNPs. According to the previous reports,[29] the weight
loss at the temperature from 150 oC to 300 oC can be ascribed to the desorption of OA–.
It can be observed that the desorption of OA– from the surface of UCNPs starts from
160 oC and arrives at the maximum at about 190 oC to 230 oC.
Figure 7.9a shows the photoluminescence spectra (PL) for UCNP core, PCS, ES
and NC nanoparticles under laser (λ = 980 nm) irradiation using a Fluorolog-Tau3
spectrofluorometer. The luminescent intensities at different emission wavelengths
have been normalised in respect to intensities at the corresponding emission
wavelengths of UCNP core, as shown in the inset in Figure 7.9a. PCS and NC
nanoparticles exhibit obvious decreased PL intensities compared to the UCNPs core
and the ES nanoparticles at all emission wavelengths, especially in range of UV region.
It is believed that, in PCS nanoparticles, the non-epitaxial polycrystalline structure of
ZnO shell possesses more non-radiative pathways at grain boundaries and structural
defect sites. Thus, the intensity of upconversion luminescence is supressed due to the
photon depletion in the ZnO shells.[25] For the NC nanoparticles, ZnO is completely
separated from the UCNP core nanoparticles at high synthesis temperature. Nonharmonic phonon coupling between ZnO lattice and lanthanide cations limits the
efficiency of transferring excitation energy. Consequently, the upconversion
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luminescence of NC nanoparticles is lower. In contrast, ES nanoparticles show an
enhanced PL intensity in entire measured spectrum range, from UV to visible-light
region.
In order to further verify the enhancement in PL intensity of the ES nanoparticles,
I carried out quantitative PL intensity measurement on individual UCNP core and ES
nanoparticles using a home-built scanning confocal microscopy (See Figure 7.10),[27]
as shown in Figure 7.9b-c. The uniform emission intensity of all the nanoparticles in
ES sample suggests their identical emission characteristics in addition to size
uniformity. Figure 7.9d is the line profiles of emission intensity of single UCNP core
(blue line) and the single ES nanoparticle (red line). It shows that the emission intensity
of ES nanoparticles is about twice higher than that of UCNP core nanoparticles.

Figure 7.9 Fluorolog spectrometer measurement of (a) NaYF4: Yb, Tm–ZnO particles
synthesized at 180 oC, 210 oC, 240 oC and pure NaYF4: Yb, Tm nanoparticles. Inserted
figure: the comparison of the relative upconversion luminescence intensity of NaYF4:
Yb, Tm–ZnO particles synthesized at different temperature compared with NaYF4:

Chapter 7: Enhanced Energy Transfer in Heterogeneous Nanocrystals for Near
Infrared Upconversion Photocurrent Generation
140
Yb, Tm nanoparticles. The confocal microscopy quantitative measurement of (b)
single NaYF4: Yb, Tm@ZnO synthesized at 210 oC, (c) NaYF4: Yb, Tm nanoparticles.
(d) The comparison of single particle emission intensity for NaYF4: Yb, Tm and
NaYF4: Yb, Tm@ZnO synthesized at 210 oC.

Figure 7.10 System setup for customized scanning confocal microscope.
The emission intensity of UCNPs is mainly affected by the chemical compositions,
sizes and surface defects. Considering that all the heterogeneous samples used in this
work are constructed with the same UCNP cores, enhanced upconversion emission of
ES nanoparticles due to possible chemical composition and size variations in UCNP
cores can be ruled out. In ES nanoparticles, the interplanar spacing of (101) facet for
NaYF4 is 0.29 nm, while the d-spacing of (100) facets of ZnO is 0.28 nm, the lattice
mismatch between these two facets is less than 5%. Hence, it is feasible to achieve
epitaxial heterogeneous interfaces between UCNP cores and ZnO shell layers, which
has been verified in HR-TEM images. The schematic modelling of NaYF4 and ZnO
crystal structure and their interface has been shown in Figure 7.11. The epitaxial
alignment at the interface region provides ideal energy transfer channel, and can
facilitate the energy transfer not only from UCNP core to ZnO but also from ZnO to
UCNP core. It is well documented that ZnO can serve as the host matrix of the
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lanthanide ions, thus, the Yb3+ and Tm3+ in the UCNPs are expected to diffuse into the
ZnO shell layer gradually from the interface in a certain temperature range.[38] This
intermediate doped ZnO region between UCNP core and ZnO shell is regarded as a
“buffer layer”. In ES nanoparticles, the buffer layer compensates the crystal structural
defects on UCNP core surface. In addition, epitaxial ZnO layers facilitate the
separation of the surface quenchers including passivating ligands and solvent
molecules from the UCNP cores. Thus, non-radiative decay pathways for ES are
reduced, which can further be verified by the luminescence decay of UCNP and ES as
demonstrated in Figure 7.12. As a result, the upconversion luminescence of ES
nanoparticles can be enhanced. The corresponding energy transfer mechanism in ES
nanoparticles is proposed in Figure 7.13a.

Figure 7.11 Schematic modelling of the interface of NaYF4 (010) plane and ZnO (001)
plane, in which the in-plane lattice constant of NaYF4 (010) is d(101)=0.29 nm and the
in-plane lattice constant of ZnO (001) is d(100)=0.28 nm.
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Figure 7.12 Upconversion luminescence decay curves of Tm3+ for blue light. The
collected emission wavelength is 475 ± 25 nm. It is obvious that the lifetime of the
epitaxial aligned core@shell nanoparticles is longer than the lifetime of upconversion
nanoparticles, indicating that the epitaxially aligned shell layer is beneficial for
reducing the non-radiative pathways.

Figure 7.13 (a) the left: illustrative diagrams of energy transfer among Yb3+, Tm3+ and
ZnO, the upper high-resolution TEM is obtained by FFT and reverse FFT from the
high-resolution TEM image of NaYF4: Yb, Tm@ZnO synthesized at 210 oC; 1
represents the excited state absorption, 2 represents the energy transfer upconversion,
3 represents the general energy transfer; the right: the typical Tm3+-based
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upconversion emission bands covering a broad range of wavelengths from ultraviolet
(~290 nm) to NIR(~880 nm) and their corresponding optical transitions. (b) I-V and
(c) Time-dependent photocurrents curve of NaYF4: Yb, Tm–ZnO particles synthesized
at 180 oC, 210 oC and 240 oC under 980 nm laser. The current density in (b) and (c) is
obtained by dividing the spot size of 980 nm laser with current. Ewe vs. Ag/AgCl
represents the voltage value relative to the standard Ag/AgCl electrode.
To explore the applicability of the NaYF4: Yb, Tm@ZnO core-shell heterogeneous
nanoparticles, we examine the transparent NIR photodetectors by fabricating
photoelectrodes based on core-shell nanoparticle. ZnO is a wide band-gap
semiconductor material. Hence, it demonstrates excellent photoresponse under UV
irradiation. For UCNPs, it could convert low-energy NIR light into UV and visible
light. However, as the luminescence of UCNPs is confined to intraconfiguration of f−f
transitions under low-energy irradiation,[39] it could only realize photon-to-photon
energy transfer but not photon-to-electron energy transfer. Thus, no photocurrent
response is detected for UCNPs in the photodetector cell. Taking account of
complementary advantages of UCNPs and ZnO, we designed and fabricated the
prototype of NIR photodetectors based on the NaYF4: Yb, Tm@ZnO core-shell
heterogeneous nanoparticles. The corresponding photocurrent response performances
were evaluated under 980 nm irradiation. As shown in Figure 7.13b-c, the
photocurrents were generated by the three samples PCS, ES and NC. With the bias
increasing, the photocurrent responses for NC is quite stable while those of PCS and
ES increase quickly, indicating that the external driving force has different influence
on the separation of excitons in these three samples. The NC nanoparticles synthesized
at high temperature are the separated ZnO and UCNPs, hence, the effect of the external
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driving force is the smallest. While for the PCS and ES nanoparticles with
heterogeneous structure composed of UCNP and ZnO, the influence of the external
driving force is significant. Simultaneously, in contrast to PCS nanoparticles with
polycrystalline shell phase, the ES nanoparticles with epitaxial alignment has been
influenced more by the external driving force on the separation of the excitons,
resulting from the feature of the structure with perfect energy transfer channel. Under
a fixed bias, the photocurrents of PCS and ES are stable in each light-on and light-off
procedure, while those of NC attenuate with the time increasing, indicating that the
structures of PCS and ES are stable under light irradiation while the structure and
composition of NC are destroyed in some extent under the light irradiation. Moreover,
the photocurrent of ES is nearly three times higher than PCS and nine times higher
than NC, suggesting the efficient energy transfer process between UCNPs and ZnO. It
suggests that ES nanoparticles with epitaxial ZnO layers are very promising material
candidate for development of transparent and possible flexible NIR photodetectors and
photosensors.

7.4. Conclusion
In conclusion, NaYF4: Yb, Tm @ZnO heterogeneous nanoparticles with epitaxial
interface have been prepared with carefully temperature control. Its success has been
highlighted by crystal lattice alignment at the interface region between the UCNP cores
and ZnO shell. This heterogeneous core-shell structure facilitates the enhancement in
both the upconversion luminescence and the ultrahigh photocurrent response by
providing efficient energy transfer channels. This study not only deepens
understanding on structure-property relationship but also provides experimental data
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for the design of new type nanostructures with versatile functionalities.
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Chapter 8
8. General Conclusions and Outlook
8.1. General Conclusions
In this doctoral thesis work, the recent developments in the p-block semiconductor
photocatalysts, the heterostructure between semiconductor photocatalysts and the
noble metal/upconversion materials were summarized. As the typical semiconductor
photocatalysts can only utilize the ultraviolet light which greatly limits their
photocatalytic efficiency, three different strategies were proposed to extend the solar
energy utilization of semiconductor photocatalysts into visible or NIR light and
improve the photocatalytic efficiency.
For example, via constructing oxygen vacancies, the defect state is generated
between the CB and VB of BiOCl, which enables the absorption of BiOCl to be
extended into visible light. The oxygen vacancies also can trapping the photogenerated
electrons, and thus promote the separation of the photoexcited electron-hole pairs. Due
to the broadened absorption of solar light and the improved charge separation, the
photocurrent generation and the photocatalytic dye degradation are enhanced for
BiOCl with oxygen vacancies. Noble metals, such as Ag and Au, present controllable
plasmon absorption in a wide wavelengths range. Hence, constructing heterostructure
between noble metals and semiconductor photocatalysts is another efficient approach
to realizing wide-wavelength photocatalytic properties. For BiOCl-Ag, the plasmon
absorption peak of Ag is about 430 nm, and the related plasmon state is more negative
than the CB of BiOCl according to the EELS spectrum, indicating that the hot electrons
can be generated by BiOCl-Ag under the irradiation of visible light and then injected
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into the CB of BiOCl. As a result, BiOCl-Ag displays visible light-driven
photocatalytic properties. For BiOCl-Ag-E with Ag loaded on the edge side, the
resonance field is stronger, more oxygen active species is proved to be generated, thus,
its photocurrent and the photocatalytic dye degradation is larger than BiOCl-Ag-S with
Ag loaded on the surface. For the heterostructure between upconversion materials and
semiconductor photocatalysts, the YF3: Yb, Tm upconversion material has the ability
to convert the NIR photons into the high energy UV and visible photons which can be
utilized by the p-block photocatalysts of BiOCl. In addition, the epitaxial interface
between BiOCl and YF3: Yb, Tm facilitates the efficient energy transfer. As a result,
YF3: Yb, Tm@BiOCl demonstrates superior NIR-driven photocatalytic O2 evolution
and dye degradation properties. The similar phenomenon has been found in NaYF4:
Yb, Tm@ZnO. The introduction of NaYF4: Yb, Tm allows ZnO featured with large
band gap to perform NIR-driven photocurrent response.

8.2. Outlook
Even though much effort has been dedicated to improve the photocatalytic efficiency
via broadening the absorption of semiconductor photocatalysts, the study of the
photocatalysts is still far from the industrial application. The vacancies, the
introduction of noble metals and upconversion materials can help to extend the
absorption of semiconductor photocatalyst into visible and NIR light region. However,
the full-spectrum driven photocatalytic properties is still hard to be achieved. Besides,
the upconversion efficiency is generally less than 10%, indicating that the NIR light
still cannot be fully used. Hence, developing new photocatalytic systems to fully use
the full wavelength is still need to be done. Firstly, fabricating multivariate system
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with different component absorbing different range of solar light is a promising
strategy. The heterojunction between different components also can provide the
internal electric field which induces the separation and transportation of the
photoexcited electron-hole pairs. Thus, the photocatalytic efficiency is proposed to be
improved. Secondly, more attention should be focused on the photocatalytic
mechanism, including the charge separation, transportation and the photocatalytic
reactions. Only when the mechanism is fully understand, the more optimized
photocatalytic system can be designed. Thirdly, special effort should be devoted to the
energy transfer between noble metals and semiconductor photocatalysts. As the
absorption spectrum of noble metals has a close relationship with their size and
morphology, the introduction of noble metals in the photocatalytic systems is a feasible
way to achieve wide-spectrum photocatalytic properties. The energy transfer between
noble metal and semiconductor photocatalyst occurs mainly through the resonance
electric field. Investigation on the details of the energy transfer is necessary for
obtaining high photocatalytic efficiency via modulating the heterostructure.
In general, it is believed that a deep understanding of the photocatalytic mechanism
and the energy transfer mechanism between different components in the
heterostructure will undoubtedly improve the photocatalytic efficiency and shorten the
distance from laboratory research to commercial application.
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